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This thesis focuses on the development of rear-side local heterojunction stripe 
contacts, which shall be used as a rear-side contact system in a novel solar cell 
architecture, i.e. a hybrid (homojunction/heterojunction) solar cell, using front-side 
conventionally diffused contacts and rear-side heterojunction stripe contacts. With 
regards to process optimization, the heterojunction stripe contact system is 
optimized, i.e. optimizing AlOx/SiNx passivation layer stacks, local laser ablation, 
and re-passivation of the laser-formed openings by thin-film PECVD deposited 
heterojunction layers. To provide an experimental basis for contact optimization, a 
novel methodology for the intensity-dependent characterization of local contacts is 
developed, using intensity-dependent photoluminescence imaging and intensity 
dependent transmission line method measurements. Two-dimensional numerical 
computer simulations of hybrid heterojunction silicon solar cells are performed, 
which enable to optimize the heterojunction stripe contact geometry and to predict 
the efficiency potential of hybrid heterojunction silicon solar cells. An advanced 
power loss analysis method for hybrid heterojunction silicon solar cell and its 
precursors is developed, fully accounting for intensity dependent recombination. 
The efficiency potential of hybrid heterojunction solar cells is calculated and 





List of Tables 
Table 3.1 Deposition parameters used in this work. ............................................... 40 
Table 3.2. Specifications of the LUMERA laser source used in this work ............ 42 
Table 4.1. Extend of blistering on the effective lifetime before and after firing at 
different peak temperatures. ................................................................................... 59 
Table 4.2. Extent of blistering and measured effective lifetimes for various FGA 
temperatures. .......................................................................................................... 60 
Table 6.1. Simulation input parameters used for modelling the c-Si wafer and 
intrinsic a-Si:H and doped μc-Si:H(p) thin-film layers, based on [61, 65] and on the 
fitting of the measured 1D lifetime structures. ....................................................... 99 
Table 6.2. Interface parameters for AlOx/c-Si, SiNx/c-Si and a-Si/c-Si interface. . 99 
Table 6.3. Simulated one-sun current-voltage characteristics of various solar cell 
architectures as sketched in Fig. 6.1. .................................................................... 114 
Table 6.4. Extracted injection dependent J0(Δn) and injection level Δn of rear-side 
passivated and contacted solar cell regions, under open-circuit (OC) and maximum 
power point (MPP) conditions, for all types of solar cell architectures sketched in 




List of Figures 
Fig. 1.1. The concentration of CO2 has grown dramatically since pre-industrial times. 
Human activities, such as fossil fuel consumption, are a main contributor [2]. ....... 1 
Fig. 1.2. Evolution of solar cell efficiencies from 1975 to 2015 for different solar 
cell structures. An all-back-contact heterojunction solar cell structure reached a 
world record efficiency of 25.6% in 2014 [9]. ......................................................... 3 
Fig. 1.3. Schematic of various solar cell architectures, i.e. conventional p-type c-Si 
solar cells (top), high-efficiency n-type c-Si solar cells (middle) and hybrid 
heterojunction solar cells (bottom) ........................................................................... 5 
Fig. 2.1. A typical I-V curve of a silicon solar cell, where the open-circuit voltage, 
maximum power voltage, short-circuit current density, maximum power current and 
the maximum power point are indicated. ............................................................... 13 
Fig. 2.2. Sketch of c-Si (n) band bending nearby a surface under illumination, with 
the surface exhibiting a high and a low surface state density Dit respectively. ...... 17 
Fig. 2.3. A typical 3-point defect distribution in the bulk of a silicon wafer. ......... 23 
Fig. 2.4. Intensity-dependent bulk lifetime (left) and bulk saturation current density 
(right). ..................................................................................................................... 24 
Fig. 2.5. Typical defect density distribution Dit of a silicon surface. ..................... 25 
Fig. 2.6. Intensity-dependent surface recombination velocity and interface 
saturation current density. ....................................................................................... 26 
Fig. 2.7. Intensity dependent lifetimes and saturation current densities, including 
xii 
 
total, bulk and interface recombination. ................................................................. 28 
Fig. 2.8. Schematic of minority carrier transport (left) and majority carrier transport 
(right) in two different test samples. ....................................................................... 30 
Fig. 2.9. Analytically calculated, simulated and measured effective surface 
recombination velocity of rear-side locally laser-ablated structures by varying the 
pitch and keeping the contact fraction constant at 10%. The analytical small-pitch 
and large-pitch limits are also indicated. ................................................................ 33 
Fig. 2.10. Schematics of several novel heterojunction solar cell architectures: (a) 
Inverted hybrid heterojunction solar cell realized by Wunsch et al. [15], (b) Hybrid 
full-area heterojunction solar cell by Bivour et al. [16], (c) Point-contact 
heterojunction solar cell by Vecchi et al. [42], (d) Hybrid stripe-contact 
heterojunction solar cell by Stangl et al. [17]. ........................................................ 35 
Fig. 3.1. PECVD inline reactor by Roth & Rau. .................................................... 39 
Fig. 3.2. Schematic of the integrated laser system used in this work. .................... 41 
Fig. 3.3. Definition of laser pulse overlap. ............................................................. 43 
Fig. 3.4. Determination the ablation threshold by extracting the laser fluence that 
onsets laser ablation (the laser fluence was increased from left to right). .............. 43 
Fig. 3.5. Sinton lifetime tester WCT-120 (left) and a typical lifetime measurement 
graph (right). ........................................................................................................... 44 
Fig. 3.6. BTi photoluminescence measurement system (left) and a typical photo-
luminescence image (PL count) of a passivated silicon wafer (right). ................... 46 
xiii 
 
Fig. 3.7. Surface energy band diagram (in the dark, blue, and under illumination, 
red) of a p-type silicon wafer capped with a SiO2 passivation layer. The effect of 
corona charging is shown from accumulation through flat band to depletion and 
inversion. ................................................................................................................ 49 
Fig. 3.8. Semilab PV-2000 corona-charge / Kelvin probe measurement system (left) 
and illustration of a typical Dit spectrum (right). .................................................... 50 
Fig. 3.9. Measuring probes of TLM method contacting equally spaced grid finger of 
a solar cell, (left) and a typical measured TLM data (right). .................................. 51 
Fig. 3.10. Schematic drawing of the full test structure and of the corresponding unit 
cell used in the simulation, describing a half-finished heterojunction stripe-contact 
test structure (i.e. after laser ablation but before heterojunction re-passivation). The 
simulations are run in two dimensions, i.e. along the pitch and along the wafer 
thickness. ................................................................................................................ 53 
Fig. 3.11. The mesh of a unit cell used within the ATLAS device simulator. The total 
mesh consists of approximately 30000 nodes. The density of the grid is significantly 
higher near the front and rear surface and edge between passivation and un-
passivated region. The drawing is in arbitrary scale. ............................................. 54 
Fig. 4.1. SEM cross-sectional micrograph of blister formation at 800 °C firing. .. 56 
Fig. 4.2. Experimental process flow for blistering investigation ........................... 57 
Fig. 4.3. Optical microscope images of AlOx/SiNx passivated samples fired at (a) 
740 °C, (b) 800 °C and (c) 875 °C. The blisters are the yellowish spots in the 
xiv 
 
microscopic images. ............................................................................................... 58 
Fig. 4.4. Test structures designed for laser ablation optimization. ......................... 62 
Fig. 4.5. SEM graph of the samples in four groups: (a) without chemical treatment, 
(b) DI water rinse, (c) HF dip + DI water rinse, (d) KOH etch + HF dip + DI water 
rinse. ....................................................................................................................... 63 
Fig. 4.6. PL images showing the samples after re-passivation. Left: DI water rinse, 
middle: HF dip + DI water rinse, right: KOH etch + HF dip + DI water rinse. ..... 63 
Fig. 4.7. Test structure designed for the optimization of the laser ablation process.
 ................................................................................................................................ 64 
Fig. 4.8. PL images before laser ablation (left), and after laser ablation and re-
passivation (right). The box marked by the blue circle received the best laser 
ablation condition. .................................................................................................. 65 
Fig. 4.9. Test structures and the corresponding process flow designed for the 
optimization of the heterojunction stripe-contact geometry: (top) Rear-side laser 
ablated structures and (bottom) a-Si:H re-passivated structures for effective carrier 
lifetime measurements. The pitch was varied while keeping the contact opening 
fraction constant at 5, 10, 15 and 20%, respectively. ............................................. 67 
Fig. 4.10. Analytically calculated effective lifetimes (using Saint-Cast’s model). 
(Left) Laser ablated 2D structures, with varying pitch while keeping the contact 
opening fraction constant at 5, 10 and 15%, respectively. (Right) Simulated and 
measured effective lifetimes of laser ablated 2D structures, with varying pitch while 
xv 
 
keeping the contact opening fraction constant at 10%, using Saint-Cast’s model as 
well as numerical computer simulation. The analytical small-pitch and large-pitch 
limits are also indicated. ......................................................................................... 69 
Fig. 4.11. : Measured effective PCD/QSSPC lifetimes of the 2D test structures after 
laser ablation (left) and after additional re-passivation (right). All lifetime values 
shown here were measured under 1-sun illumination. The lines serves as a guide to 
the eye. The optimum contact geometry with respect to lifetime (leading to a 
maximum lifetime after a-Si re-passivation) is highlighted (circle). ..................... 70 
Fig. 5.1. Schematic of locally laser-opened structure (a) and heterojunction re-
passivated structure (b). By variation of the contact geometry (i.e. pitch spacing and 
contact area fraction), the saturation current densities of the passivated region and 
contact region are specified. ................................................................................... 75 
Fig. 5.2. Numerically simulated quasi-Fermi-level splitting for locally laser-opened 
structures (see Fig. 5.1(a)) with small pitch and large pitch (left and middle), and 
illustration of the quasi-Fermi-level splitting in locally contacted structures (right).
 ................................................................................................................................ 77 
Fig. 5.3. Top: Intensity PL measurements for a sample with 10% contact fraction 
and 0.3 mm pitch spacing. The measurements were calibrated to effective lifetime 
measurements, leading to spatially-resolved excess carrier concentration △n images, 
effective lifetime τeff images, and rear saturation current density J0 images. Bottom: 
Extracted intensity-dependent (injection dependent) total rear saturation current 
xvi 
 
density J0,2d_rear, and rear saturation current density for passivated region and 
contacted region, J0,pass and J0,cont values of two samples with small pitch (left) and 
with large pitch (right). ........................................................................................... 80 
Fig. 5.4. Sketch of conventional TLM structure (left) and specifically designed TLM 
test structure to extract the effective contact resistance of heterojunction stripe 
contacts using an a-Si(i)/μc-Si(p) heterojunction stack for contact formation (right).
 ................................................................................................................................ 83 
Fig. 5.5. Ten-pin measuring head for specific contact resistance by TLM method 
(left) and light intensity dependent measurement set-up with illumination from 
below (right). ........................................................................................................ 84 
Fig. 5.6. Schematic process flow for the TLM test structure fabrication. .............. 85 
Fig. 5.7. Illustration of the current flow in the TLM test structure (left) and (right) 
raw data (symbols) of the TLM measurement for structures with different line width, 
under dark and illuminated conditions. The intercepts of the linear curve fit with the 
vertical axis are the measured effective contact resistances. .................................. 86 
Fig. 5.8. Specific effective contact resistance of heterojunction stripe contacts with 
different line widths. ............................................................................................... 87 
Fig. 5.9. Measured (symbols) and numerically simulated (line) intensity-dependent 
contact resistance of a-Si:H(i)/μc-Si:H(p) layers. .................................................. 89 
Fig. 6.1. Schematics of the different investigated solar cell architectures: Diffused 
homojunction cells, with (a) rear-side diffused emitter, (c) front-side diffused 
xvii 
 
emitter and (e) front-side Al-alloyed emitter, respectively. (b), (d), (f) Corresponding 
hybrid heterojunction cells using the same front contact system, (g) Full-area 
heterojunction cell. ................................................................................................. 93 
Fig. 6.2. Sketch of the processed carrier lifetime samples. (left) 1D lifetime samples, 
(right) 2D lifetime samples after laser ablation. ..................................................... 95 
Fig. 6.3. Left: Measured (symbols) and simulated (lines) interface defect density 
distribution Dit (E) and fixed insulator charge of AlOx/c-Si and SiNx/c-Si interface. 
Right: Injection dependent effective lifetime of the processed 1D lifetime structures 
(measured and simulated). ...................................................................................... 97 
Fig. 6.4. Graphical representation of the bulk defect distribution of the calibrated a-
Si:H(i) and μc-Si:H(p) thin-film layers. The corresponding Fermi energy (and the 
activation energy for the p-doped layer) is also indicated. ..................................... 97 
Fig. 6.5. Left: Simulated and experimental effective carrier lifetime for the rear side 
locally laser-ablated structures used for forming heterojunction stripe contacts, 
varying the pitch and keeping the laser-ablated area fraction constant at 10%. Right: 
Photoluminescence lifetime mapping of the rear-side locally laser-ablated structures 
at 1-Sun intensity. ................................................................................................. 100 
Fig. 6.6. Measured in-house developed phosphorus and boron diffusion profiles, as 
well as Al-alloyed emitter profile (symbols) and the corresponding calibrated 
fittings by Silvaco-ATLAS (lines). For the phosphorus diffusion profile, an 
additional etch-back process is done. ................................................................... 102 
xviii 
 
Fig. 6.7. Schematic of the simulated heterojunction stripe contact device structure, 
with zero front surface recombination. ................................................................. 104 
Fig. 6.8. Simulated injection dependent rear surface recombination velocity (left) 
and injection dependent effective series resistance (right). .................................. 105 
Fig. 6.9. Effective rear surface recombination velocity S (left) and effective series 
resistance Rs (right), at an injection level of Δn = 1015 cm-3, of heterojunction stripe 
contacts embedded in an AlOx/SiNx passivation stack, using ideal a-Si:H(i)/μc-
Si:H(p) (top) and in-house developed a-Si(i)/μc-Si(p) (bottom) heterojunction layers, 
as a function of the rear contact geometry, i.e. rear contact area fraction and pitch.
 .............................................................................................................................. 107 
Fig. 6.10. Effective surface recombination current density is(△Ef) (left) and internal 
series resistance RS(△Ef) (right) versus implied voltage, at pitch of 250 μm and 
contact fraction of 5% and 20% respectively. ...................................................... 108 
Fig. 6.11. Implied 1-sun efficiency of rear heterojunction stripe contacts, using ideal 
a-Si:H(i)/μc-Si:H(p) and in-house developed a-Si:H(i)/μc-Si:H(p) heterojunction 
layers, as a function of contact geometry (i.e. rear contact area fraction and pitch).
 .............................................................................................................................. 110 
Fig. 6.12. Simulated implied current-voltage characteristics of heterojunction stripe-
contacts using ideal heterojunction layers (neglecting laser damage) and in-house 
developed heterojunction layers. .......................................................................... 112 
Fig. 6.13. Breakdown of the series resistance contributions for hybrid stripe-contact 
xix 
 
solar cells in a rear-emitter configuration, using rear-side a-Si:H(p) heterojunction 
emitter layers. ....................................................................................................... 120 
Fig. 6.14. Schematic of the simulated local Al-alloyed emitter (left) and of an actual 
local Al-alloyed emitter (right) used in a real front contact system. .................... 121 
Fig. 7.1. Process flow of the processed hybrid heterojunction solar cells (left), and 
the corresponding schematics of the solar cell precursors (right). Various solar cells 
under variation of rear-side contact area and pitch were processed. .................... 125 
Fig. 7.2. Current-voltage characteristics of the first rear-side stripe-contacted hybrid 
heterojunction solar cells, measured under AM1.5G illumination and in the dark.
 .............................................................................................................................. 126 
Fig. 7.3. Measured I-V characteristics compared to calculated external I-V and 
internal I-V using the measured Rs and Rsh values. .............................................. 128 
Fig. 7.4. (top) Schematics of two test structures, (left) before rear-side metallization 
and (after) rear-side metallization. (bottom) PL images of the test structures, 
measured at 1-sun intensity. ................................................................................. 129 
Fig. 7.5. Schematic of shunt formation after rear-side aluminium evaporation on 
a-Si:H(i)/μc-Si:H(p) layer stack. .......................................................................... 130 
Fig. 7.6. Test samples processed (i.e. solar cell precursors, left, and lifetime and 
resistance samples, right), used for the advanced loss analysis of hybrid 
heterojunction solar cells. The top sample sketched is an ideal sample (i.e. a well 
characterized wafer, assuming however no front-side reflection and no surface 
xx 
 
recombination). It is used to calculate the maximum possible efficiency of a given 
wafer, i.e. assuming no losses due to further processing. ..................................... 133 
Fig. 7.7. Calibrated photoluminescence images of the various samples as sketched 
in Fig. 7.6, taken at 1-sun illumination, showing spatially-resolved effective lifetime 
τeff, excess carrier concentrations △n, implied voltages iV and saturation current 
densities J0. Please note that for the Pl calibration, the shunt resistance Rsh was not 
considered. Thus the specified values for precursor D are not trustful. ............... 136 
Fig. 7.8. Measured (symbols) and numerically simulated (lines) effective lifetimes 
at 1-sun illumination of the various precursors B, as shown in Fig. 7.6, i.e. before 
the heterojunction re-passivation process step (top) and after re-passivation (bottom). 
The upper dashed lines refer to the precursor A of Fig. 7.6 (before and after some 
degradation during the time needed for external processing). The lower dashed line 
refers to the lifetime sample B of Fig. 7.6. The contact fraction of the rear-side 
heterojunction stripe contacts was varied from 5 to 20 %, and the pitch was 
additionally varied between 500 and 3000 μm (keeping the contact fraction 
constant). .............................................................................................................. 137 
Fig. 7.9. Measured injection dependent (top, left) front surface recombination 
current 𝑖𝑅𝑖𝑡𝑓𝑟𝑜𝑛𝑡 , (top right) rear surface recombination current 𝑖𝑅𝑖𝑡𝑟𝑒𝑎𝑟 , 
(bottom, left) effective contact resistance 𝑅𝑠𝑒𝑟𝑖𝑒𝑠𝑐𝑜𝑛𝑡  and (bottom, right) 
simulated 2D wafer series resistance 𝑅𝑠𝑒𝑟𝑖𝑒𝑠𝑤𝑎𝑓𝑒𝑟, of various precursors B with 
different rear contact area fraction and pitch spacing, being parameterized by the 
xxi 
 
quasi-Fermi level splitting (implied voltage). The illumination intensity was varied 
from 0 to 1.5 suns. ................................................................................................ 140 
Fig. 7.10. Cumulative photogeneration current for an ideal planar wafer (with zero 
front surface reflectance) and 100% internal rear surface reflectance and for a planar 
wafer with a SiNx anti-reflection coating. ............................................................ 142 
Fig. 7.11. Implied current-voltage characteristics for solar cell precursor A. ...... 143 
Fig. 7.12. Implied VOC, FF and efficiency plot of the various measured hybrid 
heterojunction solar cell precursors, as a function of the rear contact area fraction 
and pitch of the heterojunction stripe contacts. The optimum pitch for a given 
contact area fraction (5, 10, 15 and 20%) are highlighted (stars). ........................ 144 
Fig. 7.13. Implied efficiency potential of precursors C for various rear contact 
geometries (i.e. contact opening fraction and pitch spacing). The optimum contact 
geometry is highlighted. ....................................................................................... 145 
Fig. 7.14. Implied current-voltage characteristics of various hybrid solar cell 
precursors, indicating the implied short-circuit current, implied open-circuit voltage 
and implied efficiency. ......................................................................................... 146 
Fig. 7.15. Advanced loss analysis (fully considering intensity dependent 
recombination) of the processed hybrid heterojunction solar cell precursors, having 
the predicted optimum rear contact geometry (5% contact fraction and 1800 μm 
pitch). Shown is the lumped efficiency loss due to the various process steps. .... 147 
Fig. 7.16. Advanced loss analysis (fully considering intensity dependent 
xxii 
 
recombination) of the processed hybrid heterojunction solar cell precursors, having 
the predicted optimum rear contact geometry. Shown is the implied iVOC, iJSC and 
iFF loss due to the various process steps. ............................................................ 148 
Fig. 7.17. Pie chart of various loss components of the implied JSC, FF and J0 at open-
circuit condition of hybrid heterojunction solar cells. Please note that the J0 in the 
OC pie chart is not to scale, in order more clearly to show the various contributions.




List of Abbreviations 
 
a-Si:H  Amorphous silicon (hydrogenated)  
µc-Si  Microcrystalline silicon 
µc-SiOx  Microcrystalline silicon oxide 
c-Si  Crystalline silicon 
ALD  Atomic layer deposition 
AZO  Aluminium-doped zinc oxide 
BSF  Back surface field 
ECV  Electrochemical capacitance voltage 
EQE  External quantum efficiency 
FIB  Focused ion beam 
IL  Inversion layer 
IQE  Internal quantum efficiency 
I-V  Current-voltage 
PECVD  Plasma-enhanced chemical vapour deposition 
QE  Quantum efficiency 
SEM  Scanning Electron Microscope 
SCR  Space charge region 
SRH  Shockley-Read-Hall 





List of Symbols 
  
Eg Band gap energy 
Ec Energy of the conduction band 
Ev Energy of the valence band 
Ef Energy of the Fermi level 
jsc Short-circuit current density 
Voc Open-circuit voltage 
FF Fill factor 
Rs Series resistance 
Rsh Shunt resistance 
Rc Contact resistance 
Ε Dielectric constant 
µn Hole mobility 
µp Electron mobility 
σe Electron capture cross section 
σh Hole capture cross section 
Nc Density of states in the conduction band 
Nv Density of states in the valence band 
Χ Electron affinity 
NTA  Defect density at conduction band edge 
NTD Defect density at valence band edge 
NGA Total density of states of acceptor like dangling bonds 
NGD Total density of states of donor like dangling bonds 
WTA Characteristic energy of conduction band tail  
WTD Characteristic energy of valence band tail  
WGA Characteristic energy of acceptor like dangling bonds 
WGA Characteristic energy of donor like dangling bonds 
Sfront Front surface recombination velocity  
Srear Rear surface recombination velocity  





List of Publications 
 
Journal papers 
[1] Z. Qiu, C. Ke, A.G. Aberle, R. Stangl, “Efficiency potential of rear 
heterojunction stripe contacts applied in hybrid silicon wafer solar cells”, 
IEEE Journal of Photovoltaics, vol. 5, issue 4, pp. 1053-1061, May 2015. 
[2] Z. Qiu, A.G. Aberle, R. Stangl, “Advanced loss analysis for hybrid silicon 
solar cells using intensity-dependent PL and TLM measurements”, 
manuscript is in preparation. 
[3] Z. Xin, Sh. Duttagupta, M. Tang, Z. Qiu, B. Liao, A.G. Aberle, R. Stangl, 
“An improved methodology for extracting the interface defect density (Dit) 
of passivated silicon solar cells”, manuscript is in preparation. 
 
Conference papers 
[1] Z. Qiu, R. Stangl, J. Wong, B. Hoex, T. Mueller, A.G. Aberle, “Investigation 
of blistering effect on PECVD AlOx/SiNx high-quality passivation layers”, 
Conference Proceedings of the 22nd Photovoltaic Science and Engineering 
Conference (PVSEC-22), Nov 5-9, 2012, China. 
[2] Z. Qiu, Y. Wang, A.G. Aberle, R. Stangl, “Efficiency potential of rear 
heterojunction stripe-contacts applied in hybrid silicon wafer solar cells”, 
Conference Proceedings of the 6th World Conference on Photovoltaic Energy 
Conversion (WCPEC-6), Nov 23-27, 2014, Japan. 
[3] R. Stangl, A. Khanna, J. Wong, S. Duttagupta, F. Ma, Z. Qiu, B. Hoex, A.G. 
Aberle, “Accurate performance prediction and loss analysis of silicon solar 
cells”, Conference Proceedings of the 29th European Photovoltaic Solar 




Chapter 1 Introduction 
  Global energy shortage, environmental pollution and greenhouse effect are three 
major concerns for human society nowadays. Global energy shortage is a limiting 
factor for long-term economic development, while environmental pollution and 
greenhouse effect have increased the frequency of natural disasters [1]. The concen-
tration of CO2 (a greenhouse gas) has almost doubled since 1900s (see Fig. 1.1). 
Seeking for renewable green energy for sustainable development is becoming a 
common topic all over the world. There are various renewable energy sources: wind 
energy, hydro energy, solar energy, bio-fuel energy and geothermal energy, while 
solar energy is the most ideal alternative energy source since it is inexhaustible and 
easy to be utilized. 
 
Fig. 1.1. The concentration of CO2 has grown dramatically since pre-industrial times. 
Human activities, such as fossil fuel consumption, are a main contributor [2]. 
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  Under the current technical conditions, there are two divisions of solar energy 
utilisation: solar thermal and photovoltaic. Solar thermal energy is an innovative 
technology to convert solar energy into heat, which is usually used for heating air 
and water for residential and commercial purpose [3]. On the other hand, photo-
voltaic refers to the technology that converts solar energy directly into electricity 
using semiconductor materials that exhibit the photovoltaic effect [4]. Recently, 
along with the rapid development of the photovoltaic industry, the conversion 
efficiency of solar cells is increasing steadily and the manufacturing cost is being 
reduced. In Singapore, grid parity has already been achieved in 2012 for large 
rooftop PV systems, i.e. the cost of PV electricity is on a par with using conventional 
electricity. 
  The PV industry has shown huge advancement, regarding both manufacturing 
scale and solar cell efficiency. The compounded annual growth rate of the PV 
industry was roughly 31% from 1980 to 2010. With the further up-scaling of PV 
production facilities and the reduction of the manufacturing cost, PV electricity will 
have the ability to compete with conventional electricity generation in developed 
countries.  
  In recent years, high-efficiency solar cell concepts have been introduced to 
industry in order to further reduce the cost of PV electricity [5]. The evolution of 
solar cell efficiency over time is illustrated in Fig. 1.2. The efficiency for a single-
junction solar cell structure under 1-sun illumination condition is limited to 31% 
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(detailed balance theory proposed by Shockley and Queisser [6]). The currently 
highest-efficiency industrial crystalline silicon solar cells are utilising 
heterojunction technology (Panasonic (25.6%) [7]) and all-back-contact technology 
(SunPower (23.4%) [8]), see Fig. 1.2. Tandem (multi-junction) and concentrator 
technology can reach even higher efficiencies (up to 46%), however they are not 
economic at present. 
 
Fig. 1.2. Evolution of solar cell efficiencies from 1975 to 2015 for different solar cell 
structures. An all-back-contact heterojunction solar cell structure reached a world record 




1.1 Hybrid heterojunction silicon wafer solar cells 
  The conventional monocrystalline silicon (c-Si) p-type Czochralski (Cz) wafer-
based solar cell (as shown in Fig. 1.3 (top)) is a commonly used technology for PV 
solar cells and PV modules, and huge achievements have been made over the years 
in improving its energy conversion efficiency [10]. However, p-type Cz c-Si solar 
cells were found to suffer from significant degradation due to light-induced 
dissociation of B-O pairs [11]. Therefore electrons and holes can recombine 
efficiently within the p-type Cz silicon wafer, which results in a significant drop in 
minority carrier lifetime and hence in solar cell efficiency. Furthermore, the full-
area metal-silicon contact at the rear of the solar cell is a major source of 
recombination, which also significantly reduces the PV efficiency. 
  In terms of maximum obtainable conversion efficiency, n-type Cz silicon wafer-
based solar cells have some advantages over p-type silicon solar cells. N-type silicon 
solar cells will not suffer from light-induced degradation (there are no boron-oxygen 
or boron-iron complexes). Moreover n-type silicon solar cells are less sensitive to 
chemical impurities during the high-temperature diffusion and firing processes [12]. 
In order to improve the solar cell efficiency, the use of n-type silicon wafers is 
generally proposed. Looking at the highest efficiencies of silicon solar cells in large-
scale production, the leading companies, SunPower and Panasonic, both use n-type 
monocrystalline Cz silicon wafers as a base material, reaching 23.4% [8] and 25.6% 




Fig. 1.3. Schematic of various solar cell architectures, i.e. conventional p-type c-Si solar 
cells (top), high-efficiency n-type c-Si solar cells (middle) and hybrid heterojunction solar 
cells (bottom) 
 
  There are two “conventional” ways to improve the silicon solar cell efficiency, as 
sketched in Fig. 1.3: (1) using local homojunction contacts (point or stripe contacts 
instead of full-area contacts), i.e. using localised heavily doped homojunction 
regions for excess carrier extraction (n-PERT solar cell), (2) using full-area 
heterojunction contacts, i.e. using thin-film deposited heterojunction layers for 
excess carrier extraction (heterojunction solar cell). 
6 
 
  Generally, for high-efficiency silicon solar cells, surface passivation is very 
important. For the conventional homojunction solar cell structures, surface 
passivation is realised by dielectric passivation layers which contain a large amount 
of fixed insulator charge. Silicon nitride (SiNx), which contains a large density of 
positive charge at the SiNx/c-Si interface, is usually used. Recently, aluminium 
oxide (AlOx), exhibiting a large density of negative charge at the AlOx/c-Si 
interface [13], is in the transition phase from research into industry. For the full-area 
heterojunction solar cell structure, surface passivation is realised by thin-film 
intrinsic buffer layers. This is usually thin-film intrinsic hydrogenated amorphous 
silicon, a-Si:H(i), which is then covered by a thin-film p- or n-doped hydrogenated 
amorphous silicon layer, a-Si:H(p) or a-Si:H(n), which then serve as hole and 
electron collector of the solar cell. 
  Although these two solar cell structures achieve high efficiency, both of them have 
disadvantages. For example, the locally contacted homojunction silicon solar cell 
suffers from a relatively low open-circuit voltage (VOC) potential due to the high 
metal/c-Si contact recombination (please note that, although the local contact area 
is quite small, the associated contact recombination is still higher compared to a full-
area heterojunction contact). Furthermore, there are technological problems 
concerning the boron diffusion process. On the other hand, full-area heterojunction 
solar cells suffer from a relatively low short-circuit current (JSC), because there is 
significant parasitic absorption in the TCO and in the highly doped a-Si:H layers, 
which exhibit an extremely high recombination, thus only a small portion of photons 
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absorbed in these layers will contribute to the cell’s short-circuit current. To 
minimise this effect, current heterojunction research is concentrating on the 
development of ultra-thin a-Si:H layers (thickness of several nanometres only), and 
modifying the heterojunction layer itself, for example by alloying the a-Si:H layer 
with impurities such as carbon in order to widen the bandgap and to shift the 
absorption edge to shorter wavelengths [14]. 
  Alternatively, in order to overcome the front side parasitic absorption of 
conventional heterojunction solar cells, a hybrid (homojunction/heterojunction) 
solar cell concept was proposed by Wunsch et al. [15], featuring a heterojunction 
layer only at the rear of the solar cell. Bivour et al. [16] realised an efficiency of 
22.8%, improving on the cell layout, as shown in Fig. 1.3, featuring a diffused high-
low junction at the front, and using a thermally evaporated metal contact instead of 
a rear-side TCO (hybrid full-area heterojunction solar cell). However, 
photolithography and (low temperature) thermal evaporation had to be used for the 
metal contact formation in order to realise this (small-area 4x4 cm2) solar cell, as 
the conventional high-temperature contact firing process is not compatible with the 
low-temperature heterojunction contact formation processes. 
  In order to ensure process compatibility (using industrially feasible tooling), 
thereby also additionally avoiding the (costly) TCO layer, the “conventional” rear-
side full-area heterojunction layer can be replaced by local heterojunction contacts 
(point or stripe contacts), as recently proposed by Zixuan’s SERIS co-supervisor 
Dr. R. Stangl, see PCT patent application US 61-652.379 [17] (hybrid local-contact 
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heterojunction solar cell). 
  As shown in Fig. 1.3, by locally opening a rear-side deposited dielectric 
passivation layer (using laser ablation), followed by a full-area deposition of the 
heterojunction layers, a process compatibility between homojunction and hetero-
junction contact formation can be ensured: Normally full-area heterojunction layers 
cannot withstand high temperatures, as required for screen-printed homojunction 
contacts, furthermore they also cannot tolerate metal cross contaminations 
(assuming the front-side homojunction contact would be processed first). This can 
now both be accepted, as only a small contact fraction (< 10% of the total rear 
surface of the solar cell) is affected. In the proposed local contacted hybrid solar cell 
architecture, the rear-side TCO can be avoided without compromise. Please note 
that if a metal is used for full-area heterojunction contact formation (as sketched in 
Fig. 1.3, bottom left), it is usually a poor back reflector. Again, using heterojunction 
local contacts, a poor internal back reflection due to the heterojunction/metal contact 




1.2 Thesis motivation 
  The motivation of this thesis is to develop “industrially feasible” hybrid 
heterojunction silicon solar cells, applying rear-side local heterojunction contacts. 
The proposed concept of a hybrid heterojunction stripe-contacted solar cell shall be 
realised for the first time and compared to theoretical efficiency predictions. 
  In short, this thesis aims to develop heterojunction stripe-contact schemes which 
can be applied to hybrid heterojunction solar cells. This Ph.D. thesis involves (i) the 
corresponding process development and optimisation of hybrid heterojunction 
stripe contacts, (ii) the characterisation of local (stripe heterojunction) contacts, 
using newly developed metrology and specifically designed test structures, and 
(iii) the prediction of the efficiency potential of hybrid heterojunction solar cells 
compared to more conventional solar cells, i.e. n-PERT and heterojunction cells, by 




1.3 Thesis structure 
Chapter 2 presents the background theory and a literature review. Intensity 
dependent carrier recombination in silicon solar cells and analytical models for 
locally contacted solar cell structures are discussed. Subsequently, various hybrid 
heterojunction solar cell architectures are reviewed. 
Chapter 3 describes sample preparation, processing equipment, characterisation 
metrology, and numerical device simulation programs used in this thesis. 
Chapter 4 presents the process development and optimisation of rear-side stripe-
contacted hybrid heterojunction contacts. The optimisation of AlOx/SiNx 
passivation layer stacks using PECVD and thermal annealing, the optimisation of 
local-contact opening using laser ablation, and the local contact re-passivation by 
heterojunction silicon layers is investigated. 
Chapter 5 presents the developed methodology for the characterisation of local 
contacts (i.e. heterojunction stripe contacts). Novel measurement techniques (i.e. 
intensity-dependent photoluminescence and intensity-dependent transmission line 
measurements) are developed to extract injection-dependent recombination and 
resistance parameters of local heterojunction stripe contacts. 
Chapter 6 calculates the efficiency potential of heterojunction stripe contacts and 
hybrid heterojunction solar cells (compared to n-PERT and heterojunction solar 
cells) by means of numerical device simulation. The rear-side heterojunction stripe 
contact geometry is optimised numerically by additionally taking the front side 
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diffusion profile into account. 
Chapter 7 presents the results of the first hybrid silicon solar cells processed at 
SERIS. An advanced version of SERIS’s loss analysis method is developed, 
specifically adapted to hybrid heterojunction solar cells, fully considering intensity-
dependent recombination. 
Chapter 8 summarises the findings of this work and proposes several research areas 




Chapter 2 Background theory and 
literature review 
  The necessary background theory of silicon solar cells is introduced, i.e. intensity 
dependent carrier recombination and analytical theories to describe locally 
contacted solar cells. Furthermore, a literature review of various hybrid hetero-
junction solar cells is presented. 
 
2.1 The basics of silicon solar cells 
  A solar cell is a device that directly converts solar radiation into electricity through 
the photovoltaic effect [18]. The built-in p-n junction of a solar cell can separate 
charge carriers (electrons and holes) generated under illumination, and drives the 
light-generated current through the cell to the terminals. The efficiency of a solar 
cell denotes the fraction of solar energy converted into electrical energy. In 







                                             (2 -1) 
where Pin is the input power density of the radiation and Pout is the maximum 
electrical output power density of the solar cell. A typical current-voltage 
characteristics of a solar cell is shown in Fig. 2.1, where JSC and VOC are the short-
circuit current density and open-circuit voltage, respectively, while FF is the fill 
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factor of solar cell’s J-V curve. Solar cell J-V characteristics are usually measured 
under standard test conditions (STC) where Pin is set to 0.1 W/cm
2 using AM1.5 
solar spectrum, and the solar cell temperature is 25 °C. 
 
Fig. 2.1. A typical I-V curve of a silicon solar cell, where the open-circuit voltage, maximum 
power voltage, short-circuit current density, maximum power current and the maximum 
power point are indicated. 
  The easiest way to describe the measured current-voltage J-V characteristics of a 
solar cell is using the one-diode model (requiring only 4 input parameters, i.e. JSC, 
J0, RS, RSH). The corresponding I-V equation is given by: 
𝐽(𝑉) = 𝐽𝑆𝐶  −  𝐽0 𝑒𝑥𝑝 [
𝑞(𝑉+𝐽𝑅𝑆)
𝑘𝑇
]  −  
𝑉+𝐽𝑅𝑆
𝑅𝑆𝐻
                            （2-2） 
where J0 is the dark saturation current density, V is the terminal voltage, k is the 
Boltzmann constant, and RS and RSH are the series and shunt resistance of the solar 
cell. In order to maximize the solar cell efficiency, RS should be small and RSH 
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should be large. 
  In using a one-diode model, there are two simplifying assumptions: (1) all local 
recombination is proportional to the local np product of the solar cell (i.e. neglecting 
intensity dependent recombination). (2) there is a constant quasi-Fermi-level 
splitting across the solar cell, i.e. the local np product is also the global np product 
of the solar cell (i.e. neglecting position dependent recombination). However, both 
assumptions are not valid in reality, i.e. the recombination current density J0, (the 
proportionality constant between the local recombination rate and the local np 
product) is intensity dependent (violation of assumption 1), and the local 
recombination in the solar cell is position dependent (violation of assumption 2). In 
order account for these effects, empirically, a so-called multi-diode model can be 
introduced [19, 20]: 
𝐽(𝑉)  =  𝐽𝑆𝐶  −  ∑ 𝐽0,𝑖  [𝑒𝑥𝑝 (
𝑞(𝑉+𝐽𝑅𝑆)
𝑛𝑖𝑘𝑇
) − 1]𝑖  − 
𝑉+𝐽𝑅𝑆
𝑅𝑆𝐻
                   (2-3) 
where ni are the diode ideality factors, with n1 being conventionally set to 1. 
  Alternatively, the intensity dependent recombination of all solar cell components 
has to be measured and the position dependent recombination has to be explicitly 
considered using numerical device simulation. This approach has been pursued 




2.2 Theoretical limiting efficiencies of silicon solar cells 
  Although silicon is currently the prevailing choice as base material for solar cells, 
there are several theoretical limitations to the possible maximum efficiency that a 
silicon wafer based solar cell can achieve. In a single p-n junction device, long-
wavelength photons (with a photon energy larger than the bandgap of silicon, 
1.12 eV at 300 K) will pass through the solar cell without being absorbed, while 
short-wavelength photons (between 350 to 500 nm) lose most of their excess energy 
as lattice heat. Assuming there is only radiative recombination, the maximum 
efficiency of a single p-n junction solar cell at 1 Sun is approximately 31%, 
according to Shockley and Queisser [21]. Considering Auger recombination in the 
silicon wafer as well, the maximum theoretical efficiency limit is 29.4% [22]. The 
current world record efficiency for a monocrystalline single-junction silicon solar 
cell is 25.6% [23]. As the record efficiency is already approaching the theoretical 
limit, reducing recombination loss at the surface regions (passivation and contacts) 
becomes more and more important. In this thesis, state-of-the-art radiative and 
Auger recombination parameterisations are used to calculate the maximum 
efficiency potential of a given n-type silicon wafer and subsequently the efficiency 





2.3 Intensity-dependent carrier recombination in silicon solar cells 
  There are two kinds of recombination in silicon solar cells: bulk recombination Rb 
(with unit cm-3s-1) and surface (or interface) recombination Rit (with unit cm
-2s-1). 
For high-efficiency silicon solar cells, both bulk and surface recombination are very 
important. Furthermore, both Rb and Rit are light intensity dependent, which can be 
expressed either using the injection level Δn (the excess carrier density within the 
wafer) or the quasi-Fermi-level splitting ΔEf. 
𝑅𝑏(∆𝑛) = 𝑅𝑏(∆𝐸𝑓)                                              (2-4) 
𝑅𝑖𝑡(∆𝑛) = 𝑅𝑖𝑡(∆𝐸𝑓)                                             (2-5) 
The relation between Δn and 𝛥𝐸𝑓  is shown in Eq. (2-6) and (2-7): 
∆𝐸𝑓 = 𝑘𝑇𝑙𝑜𝑔 (1 + ∆n(𝑛0 + 𝑝0 + ∆n)/𝑛𝑖
2)                            (2-6) 
∆n = (𝑛0 + 𝑝0) (√1 + (2𝑛𝑖/(𝑛0 + 𝑝0))2(𝑒
∆𝐸𝑓/𝑘𝑇 − 1) − 1) /2          (2-7) 
  In general, the injection level in the bulk of the wafer (Δnb) and near the surface 
of the wafer (Δnit) is different (Δnb ≠ Δnit). However, for good surface passivation 
(i.e. for low surface state densities Dit, it is a good approximation to assume that the 
injection level is homogeneous throughout the wafer (Δnb = Δnit) under steady-state 




Fig. 2.2. Sketch of c-Si (n) band bending nearby a surface under illumination, with the 
surface exhibiting a high and a low surface state density Dit respectively. 
  To a first approximation, the (bulk and surface) recombination currents (WqRb 
and qRit. Where W is the wafer thickness) are often assumed to be proportional to 
the np product, with the so-called saturation current density J0 being the constant of 
proportionality. In the general intensity dependent case, J0 will also be intensity 
dependent, i.e. J0 = J0 (Δn). 
𝑊𝑞𝑅𝑏(∆𝑛)  =  (
(𝑛0+∆𝑛)(𝑝0+∆𝑛)
𝑛𝑖
2 − 1) 𝐽0,𝑏𝑢𝑙𝑘(∆𝑛)                       (2-8) 
𝑞𝑅𝑖𝑡(∆𝑛)  =  (
(𝑛0+∆𝑛)(𝑝0+∆𝑛)
𝑛𝑖
2 − 1) 𝐽0,𝑖𝑡(∆𝑛)                           (2 -9) 
where W is wafer thickness, q is electron charge, ni is the intrinsic carrier concen-
tration, n0 and p0 are the equilibrium carrier densities, and Δn is the excess carrier 
density. 
  There is another, well-established way to quantify bulk and surface recombination, 
i.e. assuming the recombination rate to be proportional to the excess carrier density 
Δn. In case of bulk recombination, the bulk lifetime τb(Δn) is used; in case of the 
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surface recombination, surface recombination velocity SRV(Δn) is used. 
𝑅𝑏(∆𝑛)  =  ∆𝑛 / 𝜏𝑏(∆𝑛)                                          (2-10) 
𝑅𝑖𝑡(∆𝑛)  =  ∆𝑛 / 𝑆𝑅𝑉(∆𝑛)                                        (2-11) 
  Of course, if one of the intensity dependent proportionality constants is known, 
the other one can be calculated, i.e. J0,b(Δn)  τb(Δn), J0,it(Δn)  SRV(Δn). In 
conventional solar cells, injection dependent recombination can often be neglected 
(i.e. stating a constant J0 or τ). However, for high-efficiency solar cells, injection 
dependent recombination can no longer be neglected, as these devices will operate 
under a higher excess carrier density (leading to a higher open-circuit voltage), 
where intensity dependent effects become dominants, as outlined below. 
 
 
2.3.1 Intensity-dependent bulk recombination 
  In solar cells, the term bulk is applied to the base of the silicon wafer, where the 
gradient of electrostatic potential is zero, which means that the conduction and 
valence band edges are flat, and charge neutrality prevails. Carrier recombination 
within the bulk of crystalline silicon wafer occurs via intrinsic and extrinsic 
recombination mechanisms. Intrinsic recombination are the radiative (band to band) 
recombination, and the non-radiative (band to band) Auger recombination, which is 
a three-particle process (including one electron and two holes or two electrons and 
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one hole). Extrinsic recombination is the Shockley-Read-Hall (SRH) recombination 
related to defects (impurities) within the material, where the excess carriers 
recombine through some extrinsic energy levels formed by impurity atoms or 
defects within the crystal lattice. Consequently the total bulk recombination is 
composed of radiative recombination, Auger recombination and SRH 
recombination, according to Equations (2-12) to (2-14): 
𝑅𝑏  =  𝑅𝑟𝑎𝑑 + 𝑅𝐴𝑢𝑔𝑒𝑟 + 𝑅𝑆𝑅𝐻                                       (2-12) 
𝐽0,𝑏 =  𝐽0,𝑟𝑎𝑑 + 𝐽0,𝐴𝑢𝑔𝑒𝑟 + 𝐽0,𝑆𝑅𝐻                                     (2-13) 
1/𝜏𝑏  =  1/𝜏𝑟𝑎𝑑 + 1/𝜏𝐴𝑢𝑔𝑒𝑟 + 1/𝜏𝑆𝑅𝐻                                (2-14) 
Radiative recombination 
  Radiative recombination is the inverse process to electron-hole generation under 
illumination, in which an electron-hole pair annihilates and emits a photon that 
carries the excess energy. This is a recombination process that cannot be suppressed 
in solar cells (a device that shall absorb photons will also emit photons). However, 
in an indirect semiconductor like silicon, due to the required momentum 
conservation, the probability of radiative recombination in silicon material is much 
lower than for direct semiconductors. Equations (2-15) to (2-17) give the radiative 
recombination rate and the corresponding radiative saturation current density or 
radiative lifetime as a function of photo-generated excess carriers, i.e. radiative 
recombination is strictly proportional to the np product: 
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𝑅𝑟𝑎𝑑 = 𝐵 (𝑛𝑝 − 𝑛𝑖
2)                                             (2 -15) 
𝐽0,𝑟𝑎𝑑(∆𝑛) = 𝐵𝑊𝑞 / 𝑛𝑖
2                                           (2-16) 
𝜏𝑟𝑎𝑑(∆𝑛) = ∆𝑛/𝐵 ((𝑛0 + ∆𝑛)(𝑝0 + ∆𝑛) − 𝑛𝑖
2)                        (2-17) 
where B is the temperature dependent radiative recombination coefficient which has 
been determined by Schlangenotto [24]. For silicon at room temperature, 
B = 9.5 x 10-15 cm3 s-1 was used in this thesis. 
 
Auger recombination 
  Auger recombination is another intrinsic recombination mechanism in the bulk of 
silicon materials. The excess energy of electron-hole recombination is not emitted 
as a photon but is transferred to a third carrier instead, either to an electron in the 
conduction band (eeh process), or to a hole in the valence band (ehh process). The 
Auger recombination rates are proportional to the product of the densities of the 
involved carriers, n and p, respectively. Equations (2-18) to (2-20) give the Auger 
recombination rate (and the corresponding saturation current density or lifetime) in 





2𝑝0) ≈ (𝐶𝑛𝑛 + 𝐶𝑝𝑝)(𝑛𝑝 − 𝑛𝑖
2)   (2-18) 
𝐽0,𝐴𝑢𝑔𝑒𝑟,𝑖𝑑𝑒𝑎𝑙(∆𝑛) = (𝐶𝑛(𝑛0 + ∆𝑛) + 𝐶𝑝(𝑝0 + ∆𝑛))𝑛𝑖
2𝑞𝑊                   (2-19) 
𝜏𝐴𝑢𝑔𝑒𝑟,𝑖𝑑𝑒𝑎𝑙(∆𝑛) = ∆𝑛/(𝐶𝑛(𝑛0 + ∆𝑛) + 𝐶𝑝(𝑝0 + ∆𝑛))((𝑛0 + ∆𝑛)(𝑝0 + ∆𝑛) − 𝑛𝑖
2)       (2-20) 
with Cn and Cp being the Auger coefficients for eeh and ehh process, respectively. 
Dziewior and Schmid [25] determined the Auger coefficients Cn = 2.8 x 10
-31 cm6 s-1 
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and Cp = 9.9 x 10
-32 cm6 s-1 for silicon with a heavy doping concentration Ndop 
of > 5 x 1018 cm-3. 
  Equation (2-18) fits well with measured recombination rate in highly doped 
silicon, but underestimates the recombination rate in material with lower doping 
densities. As solar cells use only moderate doping (i.e. ~1016 cm-3), an improved 
theory to describe Auger recombination is necessary. Kerr and Cuevas [26] have 
developed a parameterisation for the Auger recombination rate in n-type and p-type 
silicon based on measurements of the bulk lifetime for silicon material with doping 
concentration in the range of 1013 to 1020 cm-3. 
𝑅𝐴𝑢𝑔𝑒𝑟,𝑘𝑒𝑟𝑟 = (𝑛𝑝 − 𝑛𝑖
2)(1.8 × 10−24𝑛0
0.65 + 6 × 10−25𝑝0
0.65 + 3 × 10−27∆𝑛0.8)    (2-21) 
  Kerr’s empirical parameterisations are based on experimentally determined 
minority carrier lifetime data where the surface recombination is neglected. Hence, 
the accuracy of these parameterisations was limited by the quality of surface 
passivation at that time. Over the past years, silicon surface passivation has 
improved significantly. Recently, several authors have reported measured effective 
carrier lifetime values exceeding Kerr’s intrinsic lifetime limit [27-29]. Based on 
the insufficiency of Kerr’s model, Richter developed an advanced model to describe 






𝑅𝐴𝑢𝑔𝑒𝑟,𝑟𝑖𝑐ℎ𝑡𝑒𝑟 = (𝑛𝑝 − 𝑛𝑖
2) 
(2.5 × 10−31𝑔𝑒𝑒ℎ𝑛0 + 8.5 × 10
−32𝑔𝑒ℎℎ𝑝0 + 3 × 10
−29∆𝑛0.92 + 𝐵𝑟𝑒𝑙𝐵𝑙𝑜𝑤)      (2-22) 
𝐽0,𝐴𝑢𝑔𝑒𝑟,𝑟𝑖𝑐ℎ𝑡𝑒𝑟 (∆𝑛) = 𝑛𝑖
2𝑞𝑊 
(2.5 × 10−31𝑔𝑒𝑒ℎ𝑛0 + 8.5 × 10
−32𝑔𝑒ℎℎ𝑝0 + 3 × 10
−29∆𝑛0.92 + 𝐵𝑟𝑒𝑙𝐵𝑙𝑜𝑤)      (2-23) 
𝜏𝐴𝑢𝑔𝑒𝑟,𝑟𝑖𝑐ℎ𝑡𝑒𝑟 (∆𝑛) = ∆𝑛 / {(𝑛𝑝 − 𝑛𝑖
2) 
(2.5 × 10−31𝑔𝑒𝑒ℎ𝑛0 + 8.5 × 10
−32𝑔𝑒ℎℎ𝑝0 + 3 × 10
−29∆𝑛0.92 + 𝐵𝑟𝑒𝑙𝐵𝑙𝑜𝑤)}     (2-24) 
with the enhancement factors: 











  Currently Richter’s parameterisation provides an excellent accuracy to model the 
upper limit of the minority carrier lifetime in silicon for the full range of n-type and 
p-type dopant concentrations, considering a broad range of carrier injection levels. 
 
SRH recombination 
  Defect-assisted recombination is an extrinsic (defect or impurity related) 
recombination mechanism in silicon. Fig. 2.3 shows a typical point-like defect 
distribution in the bulk of a silicon wafer, whereas defects in silicon (for example 
iron, nickel, oxygen) create additional energy levels within the silicon bandgap. 
Please note that, if the defects within a given wafer are not known, a single midgap 




Fig. 2.3. A typical 3-point defect distribution in the bulk of a silicon wafer. 
  These additional energy levels enhance carrier recombination, depending on the 
capture cross sections σp for holes and σn for electrons associated to these defects. 
The statistical model for describing defect recombination was developed by 
Shockley and Read [30], and Hall [31]. The net Shockley-Read-Hall (SRH) 
recombination rate (and the corresponding saturation current density or lifetime) is 
given by: 
𝑅𝑆𝑅𝐻  =  
(𝑛𝑝−𝑛𝑖
2)
𝜏𝑛0 (𝑝+𝑝1) + 𝜏𝑝0 (𝑛+𝑛1)
                                      (2-25) 
𝐽0,𝑆𝑅𝐻(∆𝑛)  =  
𝑛𝑖
2𝑞𝑊
𝜏𝑛0 (𝑝0+∆𝑛+𝑝1) + 𝜏𝑝0 (𝑛0+∆𝑛+𝑛1)
                          (2-26) 
𝜏𝑆𝑅𝐻(∆𝑛)  =  
∆𝑛(𝜏𝑛0 (𝑝0+∆𝑛+𝑝1) + 𝜏𝑝0 (𝑛0+∆𝑛+𝑛1))
((𝑛0+∆𝑛) (𝑝0+∆𝑛)−𝑛𝑖
2)
                        (2-27) 
with the densities of occupied states: 
𝑝1 = 𝑛𝑖  𝑒𝑥𝑝 (
𝐸𝑡−𝐸𝑖
𝑘𝑇
)     𝑎𝑛𝑑    𝑛1 = 𝑛𝑖  𝑒𝑥𝑝 (
𝐸𝑖−𝐸𝑡
𝑘𝑇
)                      (2-28) 
where Ei is the intrinsic Fermi energy level and Et the energy level of the defects. 
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  Fig. 2.4 shows the intensity dependent total bulk lifetime and total bulk saturation 
current density (as a function of excess carrier density or quasi-Fermi energy 
splitting ΔEf respectively), including their components (radiative, Auger and SRH 
lifetimes or saturation current density). 
 
Fig. 2.4. Intensity-dependent bulk lifetime (left) and bulk saturation current density (right). 
  As can be seen, for low excess carrier densities Δn (for low quasi-Fermi energy 
splitting ΔEf), τ and J0 become constants. This is, however, no longer the case for 
higher Δn (or ΔEf) values. 
2.3.2 Intensity-dependent surface recombination 
  At the surface of a c-Si wafer, additional defects (and impurities) will form. The 
defects and impurities at the surface of the semiconductor cause additional 
recombination. In general, the surface of a silicon wafer is a region of particularly 
high recombination, thus surface passivation (by means of dielectric layers) is 
important. A typical interface defect density distribution Dit of a silicon wafer 




Fig. 2.5. Typical defect density distribution Dit of a silicon surface. 
  Please note that the interface defect distribution can be measured, i.e. using 
corona-charge surface photovoltage metrology, see Chapter 3. The Dit distribution 
is typically composed of two exponential tail defect distributions at the band edges 
and one Gaussian defect distribution near midgap. The Gaussian defect distribution 
is often associated to surface dangling bond defect recombination, which can be 
well approximated by using a donor and acceptor type Gaussian Shockley-Read-
Hall (SRH) defect distribution. The net recombination rate through surface states is 
obtained by extending the SRH formalism by integrating all energy levels within 
the bandgap [32]: 
𝑅𝑖𝑡 = (𝑛𝑠𝑝𝑠 − 𝑛𝑖
2) ∫
𝑣𝑡ℎ 𝐷𝑖𝑡(𝐸) 𝑑𝐸
𝜎𝑝−1(𝐸) (𝑛𝑠 + 𝑛1(𝐸)) + 𝜎𝑛−1(𝐸) (𝑝𝑠 + 𝑝1(𝐸))
𝐸𝑐
𝐸𝑣





𝑣𝑡ℎ  𝐷𝑖𝑡(𝐸) 𝑑𝐸
𝜎𝑝
−1(𝐸)(𝑛𝑠 + 𝑛1(𝐸)) + 𝜎𝑛
−1(𝐸)(𝑝𝑠 + 𝑝1(𝐸))




𝑆𝑅𝑉(∆𝑛) = ∆𝑛/ {(𝑛𝑠𝑝𝑠 − 𝑛𝑖
2) ∫
𝑣𝑡ℎ 𝐷𝑖𝑡(𝐸) 𝑑𝐸
𝜎𝑝−1(𝐸)(𝑛𝑠 + 𝑛1(𝐸)) + 𝜎𝑛−1(𝐸)(𝑝𝑠 + 𝑝1(𝐸))
𝐸𝑐
𝐸𝑣
}          (2 − 31) 
where ns and ps are the concentrations of electrons and holes at the surface, 
respectively. Dit(E) is the distribution of the density of surface states within the 
bandgap. Fig. 2.6 shows the corresponding intensity dependent surface 
recombination velocity and intensity dependent interface saturation current density, 
respectively. 
 
Fig. 2.6. Intensity-dependent surface recombination velocity and interface saturation 
current density. 
  From Equation (2-29), we can conclude that there are two ways of surface 
passivation to reduce surface recombination: (I) Reduction of Dit by passivating the 
surface defects, i.e. passivating surface dangling bonds with oxygen or hydrogen 
atoms using dielectric passivation layers. This is known as chemical passivation. 
(II) Reduction of the surface concentration of electrons or holes, ns or ps by 
selectively accumulating electrons or holes at the surface. This can be typically 
achieved by introduction of a highly doped (i.e. diffused) layer near the surface or 
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by forming a fixed surface charge at the silicon surface in case of dielectric layer 
passivation, i.e. SiNx (positive charge) or AlOx (negative charge). This is then 
typically called field-effect passivation [33]. 
2.3.3 Intensity-dependent total recombination 
  The effective carrier lifetime in crystalline silicon is determined by both bulk 
recombination and surface recombination. In this thesis work, n-type silicon wafers 
with very high bulk lifetime (i.e. 10 ms and above) are used to investigate the surface 
passivation ability of dielectric layers (i.e. SiNx or AlOx) and heterojunction silicon 
layers (i.e. amorphous silicon a-Si, or microcrystalline silicon μc-Si). 
  The total effective lifetime τeff (which can be measured using Sinton QSSPC 
lifetime tester, see Chapter 3) is composed of bulk and surface recombination 
components: 
𝑅𝑡𝑜𝑡𝑎𝑙(∆𝑛)  =  𝑅𝑏(∆𝑛)  +  𝑅𝑖𝑡(∆𝑛)                                 (2 -32) 


















                    (2 -34) 
where τit is the surface lifetime, W the width (i.e. thickness) of the wafer, and Sf and 
Sr are the front and rear effective surface recombination velocities SRV, respectively. 
For a silicon wafer with identically passivated front and rear side (a typical lifetime 
sample, which is often used in this work), S = Sf = Sr. However, the measured SRV 
is always injection level dependent. Fig. 2.7 shows the corresponding intensity 
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dependent lifetimes and intensity dependent saturation current densities, specifying 
total recombination, bulk recombination and interface recombination. 
 
Fig. 2.7. Intensity dependent lifetimes and saturation current densities, including total, bulk 




2.4 Analytical model for locally contacted structures 
  Most high-efficiency silicon solar cells feature a passivated rear surface with 
locally point or stripe shaped contacts [34]. This is also the case for the hybrid 
heterojunction solar cells to be investigated in this thesis. Usually the passivated 
region has a very low surface recombination velocity (SRV), while the region below 
the metal contacts (typically 5-10% of the total area), exhibits a very high SRV 
(contact recombination). An advantage of the locally contacted hybrid hetero-
junction solar cells to be investigated in this thesis is that contact recombination can 
now be significantly reduced, using heterojunction layers for contacting. The 
spatially inhomogeneous SRV results in a spatially inhomogeneous excess carrier 
distribution and a spatially inhomogeneous recombination current at the silicon 
surface. It is therefore necessary for a transport model to consider two dimensions 
(in case of stripe contacts) or even three dimensions (in case of point contacts) in 
order to describe both lateral current flow and current flow perpendicular to the 
surface. Finite element device simulation programmes such as SENTAURUS or 
Silvaco ATLAS can be used for optimising the local contact geometry schemes in 
order to achieve both low transport and series resistance and low rear surface 
recombination velocity [35, 36]. In some special cases, analytical formulas can also 
be used to describe the effective recombination of a point or stripe-contacted surface. 
Analytical theories were developed to describe the effective recombination of 
locally contacted structures (i.e. developed by Fischer [37], extended by 
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Plagwitz [38] and further extended by Saint-Cast [39]). In this thesis the 
applicability of the provided analytical formulas will be tested by comparing them 
to numerical device simulations and measurements. 
  Saint-Cast developed an analytical model [39] to describe locally contacted solar 
cell structures, using the following assumptions: (1) the solar cell is operating under 
low injection condition, i.e. Δn < ND. (2) injection dependent recombination is 
neglected, i.e. constant SRVs are assumed for the contact regions as well as for the 
passivated regions. In order to derive an analytical formula for the effective (two or 
three dimensional) surface recombination, Saint Cast realized that minority carriers 
and majority carriers have the same transport path in a locally contacted structure 
(using the same pitch and contact fraction), being either light generated near the 
front surface (minority carrier transport) or being injected via a full-area front metal 
contact (majority carrier transport). 
 
Fig. 2.8. Schematic of minority carrier transport (left) and majority carrier transport (right) 
in two different test samples. 
  Therefore (in the case of stripe contacts), the effective surface recombination 𝑅𝑖𝑡
2𝐷 
of the minority carrier transport test samples is related to the effective two-
dimensional series resistance 𝑅𝑠
2𝐷 of the majority carrier transport test samples.. 
The series resistance 𝑅𝑠
2𝐷 is defined as the resistance from single local contacts 
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(stripe shape) on one side to a full-area contact on the opposite side. In case of stripe-
shaped rear contacts with constant pitch spacing, an analytic equation for the two- 
dimensional series resistance of the wafer 𝑅𝑠
2𝐷 (also called spreading resistance) 





𝛾(𝛼)   𝑤𝑖𝑡ℎ  𝛼 =
𝜋𝑎
4𝑊






2(√𝑐𝑜𝑠ℎ 𝛼 + 1)
√𝑐𝑜𝑠ℎ 𝛼 − 1




𝛾(𝛼) = 𝜋 [𝑙𝑛 (
2(1 + √𝑡𝑎𝑛ℎ 𝛼)
1 − √𝑡𝑎𝑛ℎ 𝛼
)]
−1
       𝑖𝑓  
1
√2
< 𝑡𝑎𝑛ℎ 𝛼 < 1                   (2 − 36) 
where ρ is the dark resistivity of the silicon wafer, l and a are the pitch length and 
contact width, and W is the wafer thickness. Thus 𝑅𝑠
2𝐷  can be analytically 
described as a function of the line width and the pitch spacing and the resistivity of 
the silicon wafer. 
  Using the above-mentioned similarity between minority and majority carrier 
transport, the effective surface recombination 𝑅𝑖𝑡
2𝐷 can be expressed in terms of the 
series resistance of the wafer 𝑅𝑠
2𝐷 . The Saint-Cast derived effective surface 
recombination velocity 𝑆𝑅𝑉𝑠𝑎𝑖𝑛𝑡−𝑐𝑎𝑠𝑡
2𝐷  is given as a function of the effective series 
resistance 𝑅𝑠
2𝐷 as follows: 
𝑆𝑅𝑉𝑆𝑎𝑖𝑛𝑡−𝐶𝑎𝑠𝑡
2𝐷 = 𝑓(𝑅𝑠
2𝐷) = [(1 − 𝑓) 𝑆𝑝𝑎𝑠𝑠 +
𝑅𝑠
2𝐷 𝑆𝑝𝑎𝑠𝑠  𝑓 + 𝜌 𝐷
𝑅𝑠2𝐷 𝑆𝑐𝑜𝑛𝑡  𝑓 + 𝜌 𝐷







) × [𝑆𝑝𝑎𝑠𝑠 − (1 − 𝑓)𝑆𝑝𝑎𝑠𝑠 −
𝑅𝑠
2𝐷 𝑆𝑝𝑎𝑠𝑠  𝑓 + 𝜌 𝐷
𝑅𝑠2𝐷 𝑆𝑐𝑜𝑛𝑡  𝑓 + 𝜌 𝐷
 𝑓 ×  𝑆𝑐𝑜𝑛𝑡]}
−1
        (2 − 37) 
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where Spass and Scont are the SRVs of the passivated and the contacted region, 
respectively. 𝑅𝑠
2𝐷  is the spreading resistance, f is the contact fraction, D is the 
diffusion coefficient, W is the wafer thickness and L is the diffusion length. The 
above-stated analytical model can be further simplified for the small-pitch and large-
pitch limits: 







) /𝐷 − 𝑊/𝐷]
−1
                                                   (2 − 39) 
In order to validate the accuracy of the Saint-Cast model, it has been compared 
to numerical device simulation and experimental data (see Chapter 4). Fig. 2.9 
presents the results, using locally laser-ablated structures, with constant contact 
fraction, f = 10%, and varying pitch. Please note that the effective recombination 
𝑅𝑖𝑡
2𝐷 (and therefore SRV2D) is pitch dependent even though the contact fraction f is 
constant. Therefore the intuitive equation 𝐽0,𝑡𝑜𝑡𝑎𝑙
2𝐷 = 𝑓𝐽0,1
1𝐷 + (1 − 𝑓)𝐽0,2
1𝐷  does not 




Fig. 2.9. Analytically calculated, simulated and measured effective surface recombination 
velocity of rear-side locally laser-ablated structures by varying the pitch and keeping the 
contact fraction constant at 10%. The analytical small-pitch and large-pitch limits are also 
indicated. 
  Saint-Cast’s analytical model and the numerical device simulation do both 
approach the large-pitch and small-pitch analytical limits, but Saint-Cast’s model 
fails to describe the measured intermediate range using locally laser-ablated 
structures. This is because of two reasons: (1) Surface charges at the AlOx/c-Si 
interface are not considered when calculating 𝑅𝑠
2𝐷, thereby altering the 2D series 
resistance of the wafer. (2) Intensity dependent recombination has been neglected in 
Saint-Cast’s model. To account for these effects, it is therefore mandatory to use 




2.5 Literature review: Hybrid heterojunction solar cells 
  The first hybrid (homojunction/heterojunction) silicon solar cell was proposed and 
realized by Wunsch et al. in 2006, reaching a modest efficiency of 11% [15]. 
Compared to conventional a-Si:H/c-Si heterojunction solar cells, this new structure 
proposed an “inverted heterojunction”, i.e. the p/n junction formed by the 
heterojunction contact (the solar cell emitter) is located at the rear of the solar cell. 
The proposed hybrid structure (using locally diffused homojunction contacts at the 
front) has the advantage that parasitic absorption of conventional heterojunction 
solar cells within the front-side TCO and heterojunction layers can be avoided, and 
thus a higher short-circuit current can be expected (at some expense of the open-
circuit voltage). 
  As shown in Fig. 2.10 (a), the active p-n junction is formed by heterojunction 
layers, which are located at the rear of the n-type silicon wafer. Since the highly 
doped a-Si:H emitter is located at the rear, the thickness of the emitter has no longer 
to be as thin as possible. However, experimentally, a very high series resistance 
resulted due to an inappropriate local front contact formation, which was severely 




Fig. 2.10. Schematics of several novel heterojunction solar cell architectures: (a) Inverted 
hybrid heterojunction solar cell realized by Wunsch et al. [15], (b) Hybrid full-area 
heterojunction solar cell by Bivour et al. [16], (c) Point-contact heterojunction solar cell by 
Vecchi et al. [42], (d) Hybrid stripe-contact heterojunction solar cell by Stangl et al. [17]. 
  Based on the “inverted heterojunction” solar cell architecture proposed by 
Wunsch et al., a slightly modified solar cell structure with a locally diffused high-
low junction at the front and a full-area heterojunction emitter at the rear was 
introduced by Bivour et al. [16, 43, 44], see Fig. 2.10(b). 
  Compared to the conventional heterojunction silicon solar cells produced by 
Sanyo [45] (now Panasonic, i.e. using heterojunction contacts at both sides), a 
current gain of about 1 mA/cm2 was achieved using this hybrid structure, i.e. using 
a diffused front surface field. The first device achieved an efficiency of 17% [16] 
and was recently improved to an impressive efficiency of 22.8% [43]. However, 
photo-lithography and thermal evaporation was used in order to realize contact 
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formation which are not industrially feasible processes. This was necessary in order 
to ensure process compatibility to the low-temperature requirements for hetero-
junction contact formation. Thus, at its current stage, this solar cell is not yet 
industrially feasible. 
  Concerning local heterojunction contacts, they have been investigated only in the 
context of pure heterojunction solar cells (i.e. point contacts have been studied, 
while heterojunction stripe contacts have not been investigated at all). De Vecchi et 
al. [42] applied a point-contact scheme to silicon heterojunction solar cells in 2012 
using an initially passivated rear (before contact opening) consisting of a stack of 
intrinsic amorphous thin-film silicon and silicon oxide, see Fig. 2.10 (c). 
  This device features a conventional heterojunction at the front and a point-
contacted heterojunction at the rear. The stack is then locally ablated using a laser 
system, and a p-doped amorphous thin-film silicon is deposited to form the point 
contacted rear emitter. These point contacted heterojunction solar cells achieved an 
efficiency up to 17.2%. Very likely the efficiency can be further improved by 
optimizing laser ablation and contact geometry, as well as the (comparatively poor) 
quality of the heterojunction layers used. 
  For the point heterojunction contacts investigated, the insulation passivation layer 
used was a silicon oxide (exhibiting only very low surface charge) [42]. However, 
our proposed hybrid local-heterojunction contact will use a dielectric passivation 
layer exhibiting a high surface charge instead, so that the surface charge of the 
dielectric layer will support the corresponding electron/hole extraction through the 
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contact openings. That means in case of hole extraction (emitter formation), AlOx 
with its negative insulator charge at the silicon wafer interface should be used as 
insulating passivation layer (which will be covered by p-doped heterojunction 
layers). In case of electron extraction (back surface field formation), SiNx with its 
positive insulator charge at the silicon wafer interface should be used (which will be 
covered by n-doped heterojunction layers). 
  As already outlined in Chapter 1, Stangl et al. proposed a hybrid, point or stripe 
contacted solar cell structure, see Fig. 2.10 (d), in order to take advantages of the 
hybrid solar cell and point-contact heterojunction solar cell, respectively. By 
introducing local (point or stripe) heterojunction rear contacts instead of using full-
area contacts, the high-temperature requirement for the front-side diffused contact 
formation can be combined with the low-temperature requirement of the 
heterojunction layer contact formation. Some heterojunction degradation can now 
be tolerated as its affects the device performance only within the contact regions, 
which are now significantly reduced. Currently this is just an IP protected idea (PCT 
patent application US 61-652.379 [17]), a real device based on this concept is still 
pending. The realization of such a device (i.e. the corresponding heterojunction 




Chapter 3 Sample preparation, process 
equipment, characterisation metrology 
and device simulation software used 
  This chapter gives a general overview and a brief theoretical background of the 
sample preparation, processing equipment, characterisation metrology and the 
device simulation software used in this thesis. 
 
3.1 Wafers used and wafer cleaning 
  5-inch wide, n-type, 4-6 Ωcm resistivity, <100> orientation, Czochralski (Cz) as-
cut monocrystalline silicon wafers were used in most of the experiments. The as-cut 
wafers had an initial thickness of about 180 μm. The wafers were saw damage 
etched in KOH-NaOCl solution at 80 °C for 30 minutes to remove approximately 
15 μm of silicon from each side. After saw damage etch, the wafers were cleaned in 
standard RCA1 and RCA2 solution in order to remove organic and metal 
contaminations. Prior to all experiments the wafers were dipped into 5% HF solution 





3.2 Plasma-enhanced chemical vapour deposition (PECVD) 
  Plasma-enhanced chemical vapour deposition (PECVD) is a technique 
commonly used for thin film depositions from the vapour phase to the solid state on 
a foreign substrate (i.e. a c-Si wafer). In our own experiments (before August 2012), 
the antireflective SiNx and AlOx/SiNx dielectric stacks were deposited using 2.45 
GHz microwave frequency remote linear PECVD using a commercial inline reactor 
(SiNA-XS, Roth & Rau AG, Germany), as shown in Fig. 3.1. The deposition 
parameters and the corresponding film properties (thickness and refractive index) 
are summarised in Table 3.1. The thickness and refractive index were measured using 
spectroscopic ellipsometry. The sample transport speed of the machine was adjusted 
to give the desired thickness of the dielectric films. 
 





Table 3.1 Deposition parameters used in this work. 


















N2O + Ar 
40 1.61 350 0.10 1500 
Capping 
SiNx 
SiH4 + NH3 100 2.01 350 0.20 2200 
 
  At a later stage of this thesis (after August 2012), standard dielectric passivation 
layers processed at the company REC Solar in Singapore were used, i.e. single SiNx 
and stacked AlOx/SiNx layers. Using the passivation layers processed at REC Solar, 
only the standard dielectric layer processing was possible, i.e. the process 
parameters used are confidential and no variation of process parameters was 
possible. 
  After the deposition of the dielectric films (passivation layers), a post-deposition 
high-temperature rapid thermal anneal in an industrial firing furnace (Ultraflex, 
Despatch) was performed for a few seconds at a peak temperature of about 800 °C, 
which is similar to the co-firing step used in industrial silicon solar cell manu-
facturing. The rapid thermal anneal process can effectively activate the passivation 
quality of the PECVD deposited dielectric films, i.e. by forming a fixed interface 
charge in the range of several 1012 cm-2, which is positive in the case of SiNx and 
negative in the case of AlOx. 
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3.3 Laser ablation 
  Since this thesis focuses on local heterojunction stripe contact formation, the laser 
ablation process used for the formation of local contact openings will be discussed 
in detail. The laser system used in this work is an integrated laser system (SOLAS, 
IDI) with a pico-second laser source (LUMERA), as shown in Fig. 3.2. The laser 
specifications are listed in Table 3.2. The LUMERA ps laser is a solid state Nd:YAG 
laser operating at a pulse duration of ~8 ps, at wavelength of 1064 nm or 532 nm. 
The output power of the LUMERA ps laser is controlled by varying the angular 
rotation of a polariser inside the laser head. 
 




Table 3.2. Specifications of the LUMERA laser source used in this work 
Beam Characteristics LUMERA ps laser 
Wavelength (nm) 1064 / 532 
Repetition rate (kHz) 15 - 1000 
Pulse width (ps) 8 
Beam quality TEM00 
Beam roundness (%) > 85 
 
  Instead of laser intensity, the laser fluence is a more appropriate term to describe 
pulsed laser ablation. The definition of laser fluence F is the energy density of one 
laser pulse. For the laser beam with Gaussian distribution, the peak laser fluence at 
the centre of the laser beam is given by: 
𝐹𝑃 = 2𝐸𝑃 / 𝐴                          (3-1) 
where EP is the energy per laser pulse, and A is the effective area of the laser pulse. 
The average power of the laser beam can be directly measured using a power meter. 
Thus the pulse energy EP can be calculated by: 
𝐸𝑃 = 𝑃𝑎𝑣𝑒 / 𝑓                           (3-2) 
where Pave is the average power, f the repetition rate of the laser. The repetition rate 
of the laser is the frequency of the laser pulses. The laser pulse overlap can be 
controlled by the combination of repetition rate and laser scribing speed. The laser 
pulse overlap and the laser fluence are important parameters, which have to be 




Fig. 3.3. Definition of laser pulse overlap. 
  The laser threshold fluence can be determined with Liu’s method [46]. The laser 
threshold fluence is defined as the energy density that onsets detectable changes on 
the dielectric layers. Fig. 3.4 shows an example of an onset of laser ablation on a 
SiNx dielectric layer. 
 
Fig. 3.4. Determination the ablation threshold by extracting the laser fluence that onsets 
laser ablation (the laser fluence was increased from left to right). 
3.4 Photoconductance decay (PCD) lifetime measurements 
  The effective minority carrier lifetime τeff of a silicon wafer can be expressed as 
the sum of the recombination rate in the bulk and at the wafer surfaces (see 
Chapter 2). The recombination in the bulk can be further divided into three 
independent recombination mechanisms including radiative, Auger and Shockley-
Read-Hall recombination [47]. Therefore, the effective lifetime of a silicon wafer 

















                                (3 -3) 
  τrad, τAuger and τSRH are the radiative, Auger and Shockley-Read-Hall 
recombination lifetimes of the c-Si wafer. Silicon is an indirect-bandgap material 
and hence radiative recombination is low and negligible to a good approximation. 
Auger recombination is intrinsic to the material and depends on the doping level and 
the injection level. In silicon-based solar cells, Auger recombination is limiting the 
lifetime under high injection conditions and thus provides an upper boundary for the 
maximum obtainable solar cell efficiency [48]. Shockley-Read-Hall recombination 
occurs via defect levels in the bandgap and depends on the material quality. 
Therefore, SRH recombination is usually the dominant bulk recombination source 
under low injection conditions in silicon solar cells. 
 
Fig. 3.5. Sinton lifetime tester WCT-120 (left) and a typical lifetime measurement graph 
(right). 
  During this Ph.D. thesis, the Sinton Instrument WCT-120 photoconductance 
lifetime tester was used for effective minority carrier lifetime measurements. The 
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WCT-120 can be operated in the transient mode (photoconductance decay, PCD) or 
the quasi-steady-state mode (quasi-steady state photoconductance, QSSPC). Fig. 3.5 
shows the setup of the Sinton lifetime tester WCT-120 (left) and a typical lifetime 
measurement raw data (right). After calibration, the WCT-120 measured the excess 
carrier decay after excitation by a light pulse from a camera flash. The transient 
lifetime measurement (PCD) is usually used for high-lifetime samples above 200 μs 
[49]. In transient mode, carriers are generated by a very short pulse of light and the 
decay of the carrier density with time is measured: 
𝜏𝑒𝑓𝑓(∆𝑛)  =  ∆𝑛 / 
𝑑(∆𝑛)
𝑑𝑡
                     (3-4) 
  The QSSPC mode is ideal for monitoring low-lifetime samples, like multi-
crystalline wafers or diffused wafers. In QSSPC mode, it is assumed that the 
intensity of the flash changes sufficiently slowly so that the carrier generation in the 
sample is always in steady state. 
𝜏𝑒𝑓𝑓(∆𝑛)  =  ∆𝑛 / 𝐺(𝑡)                      (3-5) 
  The generation rate is determined by measuring the amount of light illuminating 





3.5 Photoluminescence imaging (PL) 
  Photoluminescence (PL) imaging is an important technique for characterisation 
of silicon solar cells. PL imaging enables a quantitative analysis of spatially-
resolved calibrated minority carrier lifetime and series resistance measurements [50]. 
The high resolution and the short measurement time enables PL imaging to become 
a useful tool for inline process monitoring. 
  In PL imaging of silicon samples, the surface of the sample is photo-excited in 
order to emit luminescence signal and a camera is used to obtain a spatially-resolved 
image of the luminescent emission [50]. PL imaging avoids contacting the sample, 
therefore it is more advantageous than electroluminescence (EL) imaging, since it 
can measure a wide range of samples, including as-cut wafers and partially 
processed samples without metallisation. Fig. 3.6 shows the BTi PL measurement 
system used in this work (left) and a typical PL image of a passivated silicon wafer 
PL imaging raw data (right). 
 
Fig. 3.6. BTi photoluminescence measurement system (left) and a typical photo-
luminescence image (PL count) of a passivated silicon wafer (right). 
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  In this work, PL imaging was mainly used for spatially-resolved minority carrier 
lifetime measurements. In order to interpret PL signals in terms of carrier lifetime 
the PL signal needs to be calibrated [50]. In general, 
𝑟𝑠𝑝  =  𝐵 ∆𝑛 (𝑁𝐷/𝐴  +  ∆𝑛)                                  (3-6) 
where rsp is the spontaneous radiation emission inside the device, B is the radiative 
recombination coefficient, Δn is the excess carrier density, NA or ND is acceptor or 
donor base concentration. However, the amount of photon emission that can be 
measured as PL signal also depends strongly on the optical properties of the samples, 
as well as of the measurement system. Therefore, an accurate calibration method is 
needed for PL lifetime measurement on different types of samples. For calibration 
purposes, the BTi Imaging tool has a WCT-120 QSSPC tester is integrated into the 




3.6 Contactless corona charge - surface photovoltage measurements 
  The Semilab PV-2000 system at SERIS is configured to perform lifetime mapping 
by microwave photoconductance decay (μ-PCD), as well as contactless corona 
charge / Kelvin probe measurements (contactless C-V), which together provides a 
wealth of spatially resolved information related to passivating dielectrics. The 
contactless C-V technique uses incremental corona charging of dielectrics and a 
subsequent measurement of the surface potential by using a vibrating capacitive 
electrode (“Kelvin probe”). This enables the mapping of surface potential (in the 
dark and under illumination), band bending at the semiconductor/dielectric interface 
(in the dark and under illumination), fixed charge in the dielectric, as well as the 
distribution of the interface defect density Dit(E) within the bandgap. These are 
important parameters for the realistic modelling of the dielectric layers and their 
influence on the final solar cell device performance. 
  By spraying positive or negative corona charges on top of the (insulating) 
dielectric layer, the surface band bending can be varied from maximum 
accumulation via flat-band conditions to maximum inversion, as shown in Fig. 3.7. 





Fig. 3.7. Surface energy band diagram (in the dark, blue, and under illumination, red) of a 
p-type silicon wafer capped with a SiO2 passivation layer. The effect of corona charging is 
shown from accumulation through flat band to depletion and inversion. 
  The density of interface traps, Dit within the c-Si bandgap can be obtained from 
corona-charge surface photovoltage measurements, which are performed in the dark 
and under illumination. Under depletion and inversion conditions, there is a 
difference in the surface band bending in the dark and under illumination, however, 
under accumulation condition, there is no change, see Fig. 3.7. A typical resulting 
spectrum of the Dit(E) raw data starts from flatband conditions (built-in voltage 
𝜑𝑏𝑖  = 0) and ends at deep inversion. The raw data as shown in Fig. 3.8 can be 
displayed with respect to the position of the silicon bandgap, see Fig. 3.8. Typically 
the Dit value at minimum is reported as a single number characterising Dit. 
𝑄𝑡𝑜𝑡 = 𝑄𝑓𝑖𝑥 + 𝑄𝑐 + 𝑄𝑖𝑡                                           (3 -7) 
𝑑𝑄𝑖𝑡 = 𝑑𝑄𝑡𝑜𝑡 − 𝑑𝑄𝑐                                             (3 -8 ) 












− 1 / (
𝑑𝜑𝑏𝑖
𝑑𝑄𝑐
))                               (3 -9) 
where Qtot and Qfix is total charge and fixed charge, Qc is the corona charge, Qit is 
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the interface charge. In the last equation in (3-7), the term (𝑑𝑄𝑡𝑜𝑡/ 𝑑𝜑𝑏𝑖) can be 
calculated analytically, and the term (𝑑𝜑𝑏𝑖/𝑑𝑄𝑐) can be measured by Semilab. 
Therefore, the distribution of Dit against 𝜑𝑏𝑖  can be plotted, as shown in 
Fig. 3.8 (right, top). In a next step, the built-in voltage 𝜑𝑏𝑖 can be further converted 
to Si band-gap energy (i.e. by knowing the flatband position). Therefore, the 
distribution of Dit against the c-Si band-gap energy can be plotted, as shown in 
Fig. 3.8 (right, bottom). 
 
Fig. 3.8. Semilab PV-2000 corona-charge / Kelvin probe measurement system (left) and 




3.7 Transmission line measurements (TLM) 
  The transmission line measurement (TLM) technique is usually used in semi-
conductor physics to determine the contact resistance between a metal contact and 
a semiconductor. The technique involves making a series of metal-semiconductor 
contacts separated by various distances. Probes are applied to the contacts, and the 
resistance between them is measured by applying a voltage across the contacts and 
measuring the resulting current. The current flows from a first probe at the position 
0, into the metal contact, across the metal-semiconductor junction, through the sheet 
of semiconductor, across the metal-semiconductor junction again, into a second 
probe at the position 1, 2, 3, respectively. 
 
Fig. 3.9. Measuring probes of TLM method contacting equally spaced grid finger of a solar 
cell, (left) and a typical measured TLM data (right). 
  If several such measurements are made between pairs of contacts that are 
separated by various distances, a linear plot of resistance versus contact separation 
can be obtained, as shown in Fig. 3.9 (right). The intercept of the linear fitted line 
with the y-axis is two times the contact resistance. The common TLM measurement 
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set-up at SERIS (IVT instrument, see Fig. 3.9 (left)) has been slightly modified in 
order to be able to measure the intensity dependent series resistance of 
heterojunction stripe contacts, see Chapter 5. 
 
3.8 Silvaco-ATLAS numerical device simulations 
  Silvaco-ATLAS numerical device simulation software has been used to model all 
heterojunction stripe-contact test structures and various solar cell architectures, 
which are discussed within this thesis. The device simulator enables the simulation 
of optical and electrical properties of the semiconductor device through finite 
element methodology. Using the 2D model developed in ATLAS, the geometrical 
design of the rear-side local contact structures are optimised and the efficiency 
potential of hybrid heterojunction solar cells is predicted and compared to more 
conventional solar cell architectures. 
  Solar cells are large semiconductor devices compared to electronic devices. A 
common silicon solar cell typically consists of a 6-inch wide wafer with a thickness 
of approximately 150 μm. In general, this size is too large to obtain high accuracy 
when simulating the device by finite element method. Therefore, we used the 
smallest component that has the overall symmetry of the full structure, the so-called 
unit cell, as shown in Fig. 3.10. To accurately describe the solar cell performance one 
also needs to accurately describe the boundaries, i.e. specifying whether this 
boundary is conducting (contact area) or insulating (passivation area), as well as 
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specifying the (measured) interface defect density distribution Dit. 
 
Fig. 3.10. Schematic drawing of the full test structure and of the corresponding unit cell 
used in the simulation, describing a half-finished heterojunction stripe-contact test structure 
(i.e. after laser ablation but before heterojunction re-passivation). The simulations are run 
in two dimensions, i.e. along the pitch and along the wafer thickness. 
  The mesh within the unit cell needs to be sufficiently dense to ensure a sufficient 
accuracy of the numerical solutions obtained, while in the meantime avoiding 
unnecessarily long computing times. The mesh density was optimized by repeating 
calculations with a sequence of finer meshes until simulation results converge (i.e. 
they are no longer differing from simulations using a more coarse mesh). Fig. 3.11 
shows a mesh construction used for the simulation of the lifetime test structure 
representing a half-finished heterojunction stripe-contact (i.e. after laser ablation but 
before heterojunction re-passivation, compare Chapter 4). The mesh has a higher 
density in the areas where it can be expected that some numerical variables will vary 





Fig. 3.11. The mesh of a unit cell used within the ATLAS device simulator. The total mesh 
consists of approximately 30000 nodes. The density of the grid is significantly higher near 
the front and rear surface and edge between passivation and un-passivated region. The 





Chapter 4 Process development and 
optimisation for rear-side heterojunction 
stripe contacts 
  In this chapter, the experimental process optimisations realised in this thesis are 
presented and discussed. These results are mainly related to the optimisation of 
process steps that are necessary for the formation of rear-side heterojunction stripe 
contact emitters to be used in hybrid heterojunction solar cells. 
 
4.1 Optimisation of rear-side deposited AlOx/SiNx passivation 
layers 
  A high-quality AlOx/SiNx passivation layer stack was used for the formation of 
heterojunction point/stripe contacts. Typically a rapid firing or a thermal annealing 
process is applied in order to activate the passivation quality of the PECVD 
deposited AlOx layers. Usually, capping layers like SiNx are used to avoid thermal 
stability issues of AlOx and to protect AlOx layer from the metal paste which tends 
to harm the AlOx layer during firing [51]. PECVD deposited hydrogenated a-SiNx:H 
films are commonly used as capping layer for AlOx, as both films appear to be 
tensile stressed and exhibit only minor structural change after firing [52]. However, 
firing such AlOx/SiNx stacks above a critical temperature can lead to the well-known 
blistering effect, which is caused by gaseous desorption within the AlOx layer upon 
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thermal treatment above a critical temperature. Fig. 4.1 shows the SEM cross-section 
micrograph of a blister formed at the interface between the c-Si wafer and the 
AlOx/SiNx passivation stack. Blister formation in AlOx has been observed for 
various deposition techniques, including atomic layer deposition (ALD) [53] and 
PECVD [54]. Blister formation is detrimental for the solar cell performance, as a 
significant reduction of surface passivation is observed. Therefore, process 
optimization is needed in order to avoid blistering when using PECVD AlOx/SiNx 
deposition (note that the AlOx thickness is in general thicker if PECVD is used 
instead of ALD, thus the probability of blistering is increasing). The origin of the 
blistering effect in PECVD deposited AlOx/SiNx stacks was investigated and blister-
free PECVD AlOx/SiNx passivation layer stacks have been developed. 
 
Fig. 4.1. SEM cross-sectional micrograph of blister formation at 800 °C firing. 
  In a first experiment, Cz (100) n-type silicon wafers with ~150 m thickness and 
4-6 /sq bulk resistivity were used. Prior to PECVD depositions, the wafers 
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received standard RCA cleaning and a HF dip. The AlOx layers were deposited in a 
microwave powered PECVD reactor (SiNA, Roth & Rau). The wafers were then 
split into two groups in order to investigate different thermal treatments, as shown 
in Fig. 4.2. The samples of group 1 directly received SiNx capping layers and were 
fired using three different temperature profiles with different peak temperatures 
(740 °C, 800 °C, and 875 °C). The samples of group 2 received a forming gas anneal 
(FGA) at different temperatures prior to the SiNx capping layer deposition, and were 
then fired under standard conditions (800 °C peak temperature). 
 
Fig. 4.2. Experimental process flow for blistering investigation 
  After processing, several measurement techniques were performed for charac-
terization. Optical microscopy was used to obtain an overview of the magnitude of 
blister formation. SEM was used to determine the density and size of blisters on 
different samples. Focused ion beam (FIB-ZEISS COBRA integrated in SEM 
AURIGA) was used to cut through the blister and provide a cross-section view of 
blister using the SEM. The effective lifetime was measured using a Sinton WCT-120 
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lifetime tester and was reported at excess carrier density of 1015 cm-3. 
  Fig. 4.3 shows the optical microscope images of the AlOx/SiNx passivated samples 
after firing at different peak temperatures. They illustrate that the blistering effect is 
related to the peak firing set temperature. Firing AlOx/SiNx stacks at 740 °C does 
not show any blisters, whereas blisters appear for firing with heater set temperatures 
of above 800 °C. It is also clear that the density and size of the blisters are influenced 
by the firing set temperature. Comparing blisters which were formed on samples 
fired at 800 °C and 875 °C, it can be seen that at higher firing set temperatures there 
were more and larger blisters. 
 
Fig. 4.3. Optical microscope images of AlOx/SiNx passivated samples fired at (a) 740 °C, 
(b) 800 °C and (c) 875 °C. The blisters are the yellowish spots in the microscopic images. 
  It can also be observed that that blisters were preferentially formed within kinks 
of the surface. Although the samples did not receive an alkaline texturing process, 
the sample surfaces after the saw damage etch were clearly not flat (mean surface 
roughness ~12 μm). It can be concluded that the surface morphology is the root 
cause of the blistering effect. It was reported that AlOx tends to incorporate moisture 
during deposition in form of aluminium hydroxide [53]. It is expected that the 
moisture will outgas during the high-temperature firing. In case of a comparatively 
thick AlOx layer, this layer will act as a gas barrier, and thus blister formation occurs. 
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Table 4.1. Extend of blistering on the effective lifetime measured at 1015 cm-3 injection level, 




Effective lifetime  
(as deposited) 
Effective lifetime  
(after firing) 
740 °C None ~ 85 μs ~ 1.4 ms 
800 °C Moderate ~ 90 μs ~ 653 μs 
875 °C Severe ~ 87 μs ~ 958 μs 
  In Table 4.1 the effective lifetimes before and after firing at different peak 
temperatures are listed. Samples fired at 740 °C showed no blister formation and 
thus achieved reasonable effective lifetimes with an average value of 1.4 ms 
(average of 4 samples). The samples with blisters show lower lifetimes after firing. 
The lower lifetime of these samples is due to the fact that the partial delamination 
of AlOx/SiNx degrades the passivation quality of the dielectric stacks. Despite the 
fact that the samples fired at 875 °C exhibit more and larger blisters, they still have 
higher effective lifetime compared to those samples which were fired at 800 °C. 
This is probably due to a better activation of AlOx surface charge when a higher 
firing temperature is used. There is a compromise: high firing temperature is needed 
for AlOx surface charge activation, but it will cause blisters. Low firing temperature 
can avoid blister formation, but the AlOx surface charge cannot be completely 





Table 4.2. Extent of blistering and measured effective lifetimes measured at 1015 cm-3 
injection level, for various FGA temperatures. 
FGA 
temperature 
Time Blistering effect 
Average lifetime 
(4 samples)  
Standard 
deviation 
400 °C 10 min Slight ~ 2.5 ms 0.3 ms 
500 °C 10 min None ~ 3.6 ms 0.5 ms 
600 °C 10 min None ~ 1.6 ms 0.1 ms 
  The impact of a forming gas anneal (FGA) prior to the SiNx deposition was 
investigated. Important to note is that a firing set temperature of 800 °C was used 
which resulted in significant blistering in the case when no additional FGA was used. 
By adjusting the FGA temperature, blister formation could be completely avoided, 
and the corresponding lifetime after firing could be optimized, see Table 4.2. An 
average effective lifetime of 3.6 has been reached after process optimisation. 
  In conclusion, the blistering effect is related to the AlOx thickness and the peak 
firing temperature. Thicker AlOx layers were found to be more vulnerable to 
blistering, while higher firing temperatures resulted in an increase in the blisters’ 
size and density. The blistering effect was found to be detrimental for the level of 
surface passivation provided by the AlOx/SiNx stack, and thus most likely also for 
the final solar cell device performance. By either lowering the firing peak 
temperature or applying a FGA prior to the SiNx deposition, the blister formation 
could be completely avoided and a high-quality passivation could be retained 
(reaching 3.6 ms effective lifetime). 
  The corresponding findings have been published in the Conference Proceedings 
of the 22nd Photovoltaic Science and Engineering Conference. 
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4.2 Optimisation of rear-side laser ablated local contact openings 
  The local opening (i.e., removal) of a dielectric layer (or stack) by laser ablation 
is one key process for the formation of heterojunction point or stripe contacts: the 
dielectric layers have to be locally removed, thereby creating point or stripe 
openings for the heterojunction emitter formation, which is realized by a full-area 
heterojunction layer deposition (PECVD) on top of the locally opened dielectric 
passivation layer. It is critical to remove the dielectric while creating a minimum of 
laser induced damage in the crystalline silicon in order to ensure a maximum 
effective carrier lifetime (and thus a maximum solar cell efficiency) after the re-
passivation with the heterojunction layers. 
  In this work, the laser ablation was optimized by two steps: firstly, the impact of 
a chemical treatment (water rinse, HF dip, KOH etch) of the laser ablated openings 
prior to the re-passivation on surface morphology and on re-passivation lifetime was 
studied. Secondly, the laser ablation parameters (laser fluence and laser pulse 
overlap ratio) with respect to the re-passivation lifetime were optimized. 
  The principle of laser ablation optimization is to perform complete laser ablation 
without any dielectric residues while at the same time keeping the laser-induced 
damages at the silicon wafer surface at a minimum. In this study, several test 
structures were designed for the laser parameter optimization. As shown in Fig. 4.4, 
laser ablation was performed at the rear side of the AlOx/SiNx symmetrically 
passivated silicon wafers and then re-passivated the rear surface using the same 
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AlOx/SiNx stacks. SEM and photoluminescence imaging (BTi) were used for sample 
characterization. 
 
Fig. 4.4. Test structures designed for laser ablation optimization. 
  Due to heat creation and laser-silicon interaction, the laser ablation process will 
induce some laser damage at the silicon wafer surface. Therefore, a post-laser 
chemical treatment is necessary to remove the laser-induced damages. In order to 
study different chemical treatments, the samples were divided into three groups. In 
group 1, the laser ablated samples were rinsed in deionised (DI) water. In group 2, 
the samples were dipped into HF for several seconds and then rinsed in DI water. In 
group 3, the samples were etched in KOH at 80 °C for 60 s, then HF dipped and 
then DI water rinsed. SEM was used to view the surface morphology of the samples 
after chemical treatment. All samples were then re-passivated with AlOx/SiNx and 
measured by PL imaging. 
  From Fig. 4.5 we can observe that the DI water rinse did not change the surface 
morphology caused by laser ablation. When using a HF dip and a DI water rinse 
together (c), the surface condition did change, but it did not improve much (i.e. it is 
still rough). However, an additional KOH etch (d) effectively removed the residues 




Fig. 4.5. SEM graph of the samples in four groups: (a) without chemical treatment, (b) DI 
water rinse, (c) HF dip + DI water rinse, (d) KOH etch + HF dip + DI water rinse. 
  Fig. 4.6 shows PL images of the re-passivated samples. Clearly, the sample which 
received the post-laser KOH etch demonstrates the best re-passivation quality. 
Therefore, the chemical treatment with KOH is a necessary process step, even if 
using picosecond laser ablation. This conclusion will be further supported by the 
results shown in Fig. 4.8. 
 
Fig. 4.6. PL images showing the samples after re-passivation. Left: DI water rinse, middle: 




  The next step is to optimize the laser parameters for dielectric ablation. 
Specifically, the laser fluence and the laser pulse overlap ratio are optimized, 
whereby the optimised post-laser chemical treatment (i.e. KOH etch + HF dip + DI 
water rinse) is used. Special test samples were designed, as shown in Fig. 4.7. There 
are 25 small boxes and each box was laser ablated with different laser parameters. 
From left to right, the laser fluence was increased from 2.08 J/cm2 to 3.14 J/cm2. 
From top to bottom, the laser pulse overlap ratio was increased from 10% to 30%. 
As observed under optical microscope, laser fluence lower than 2.08 J/cm2 led to 
incomplete ablation of the dielectric film. Therefore, 2.08 J/cm2 is the threshold 
energy for the dielectric ablation. 
 
Fig. 4.7. Test structure designed for the optimization of the laser ablation process. 




































































  After laser ablation, chemical treatment (i.e. KOH etch, HF dip and DI water rinse) 
and re-passivation, the samples were measured by photoluminescence imaging. As 
can be seen from Fig. 4.8, the re-passivation quality degrades when the laser fluence 
or the pulse overlap was chosen too high. The box in the second row, first column 
shows the highest PL count of the re-passivation, see Fig. 4.8. 
 
Fig. 4.8. PL images before laser ablation (left), and after laser ablation and re-passivation 
(right). The box marked by the blue circle received the best laser ablation condition. 
  Based on the PL imaging results, the optimal laser ablation parameters are a laser 
energy fluence of 2.08 J/cm2 and a pulse overlap ratio of 15 %. The original 
passivation quality of the AlOx/SiNx layer can be nearly 100% restored when using 
the optimized laser ablation parameters, wet-chemical post treatment (KOH etch + 





4.3 Optimisation of rear-side contact geometry (using a-Si:H) 
  In order to investigate the influence of the contact geometry (i.e. contact area 
fraction and contact line width) on heterojunction stripe contacts, a carrier lifetime 
study using rear-side a-Si:H re-passivated samples was undertaken. 
  In the experiment, local laser ablation of an AlOx/SiNx dielectric layer stack 
followed by a re-passivation with the a-Si:H layers was investigated as a function 
of the geometry of the contact openings. The optimised laser parameters (laser 
fluence and pulse overlap ratio) as well as the optimised post-laser chemical 
treatment (KOH etch + HF dip + DI water rinse) as described in the last chapters 
were used. 
  Stripe-shape contacts were used because such contacts are easier to be simulated 
numerically than point contacts (stripes can accurately be modelled in two 
dimensions, whereas point contacts would require 3D modelling). For stripe-shape 
openings, the geometric variables to be optimised are the pitch size and the contact 
opening fraction. 
  In order to be able to optimize the geometry of heterojunction stripe contacts, 
several test structures were designed in order to investigate the relationship between 
the contact geometry (opening fraction and pitch size) and the effective surface 





Fig. 4.9. Test structures and the corresponding process flow designed for the optimization 
of the heterojunction stripe-contact geometry: (top) Rear-side laser ablated structures and 
(bottom) a-Si:H re-passivated structures for effective carrier lifetime measurements. The 
pitch was varied while keeping the contact opening fraction constant at 5, 10, 15 and 20%, 
respectively. 
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  The n-type silicon wafers were symmetrically passivated by 40 nm/100 nm 
AlOx/SiNx stacks. Laser ablation was then performed at the rear AlOx/SiNx. The 
laser pitch size and line width were changed simultaneously while keeping the 
contact opening fraction at 5, 10, 15 and 20%, respectively. The laser pitch size was 
varied from 500 μm to 3000 μm. After laser ablation, wet-chemical treatment was 
performed (KOH etch + HF + DI water rinse). Finally, a 5 nm / 20 nm 
a-Si:H(i)/a-Si:H(p) stack was used to re-passivate the rear surface. 
  Fig. 4.9 shows the process flow for the fabrication of rear-side laser ablated test 
structures and the characterisation steps. We conducted QSSPC measurements 
(measuring the effective lifetime of 2D structures using the Sinton WCT-120 
lifetime tester) at three different stages: after symmetrical AlOx/SiNx deposition and 
firing (passivation), after laser ablation, and after subsequent wet-chemical 
treatment and a-Si:H deposition (re-passivation). The lifetime measurement at the 
first stage was used to select samples with similar effective lifetimes for the 
subsequent experiment. Here we selected a few samples with similar effective 
lifetimes in the range of 1 ms. PL lifetime mapping was conducted in addition to a 
standard lifetime measurement using the Sinton WCT-120 lifetime tester. A rather 
consistent result was obtained from PL and QSSPC, with only 8% maximum 
deviation, which can be attributed to instrumental error. 
  The effective lifetimes of 2D laser ablated structures can be partially explained 
using analytical theories for locally contacted structures (i.e. using Saint-Cast’s 
theory). This theory already predicts that, even if the contact opening fraction is kept 
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constant, the effective lifetime of the laser ablated 2D structures will be pitch 
dependent, i.e. it will increase with increasing pitch spacing, see Fig. 4.10 (left). 
However, if one compares the experimental results to the analytical simulations, see 
Fig. 4.10 (right), Saint-Cast’s analytical theory fails to describe the lifetime 
behaviour in the intermediate pitch range, which is the relevant range we 
investigated in the experiment, see Fig. 4.10 (right). Saint-Cast’s theory fails because 
the underlying assumptions of the analytical theory are severe, i.e. a constant surface 
recombination velocity has to be assumed, which is not the case for AlOx/SiNx 
passivated c-Si surfaces (injection-dependent surface recombination). Therefore, 
the lifetime behaviour has to be rigorously modelled by means of 2D numerical 
computer simulation using, for example, Silvaco ATLAS which allows a much more 
accurate description of the measurements, see Fig. 4.10 (right). Details of the 2D 
numerical simulation are given in Chapter 7. 
 
Fig. 4.10. Analytically calculated effective lifetimes (using Saint-Cast’s model). 
(Left) Laser ablated 2D structures, with varying pitch while keeping the contact opening 
fraction constant at 5, 10 and 15%, respectively. (Right) Simulated and measured effective 
lifetimes of laser ablated 2D structures, with varying pitch while keeping the contact 
opening fraction constant at 10%, using Saint-Cast’s model as well as numerical computer 
simulation. The analytical small-pitch and large-pitch limits are also indicated. 
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  In Fig. 4.11, we show the effective lifetime measurements (by QSSPC) of the 
symmetrically AlOx/SiNx passivated n-type CZ wafers (1) after a rear-side laser 
ablation process (left) and (2) after an additional rear-side AlOx/SiNx re-passivation 
process (right). The laser pitch spacing was varied from 500 μm to 3000 μm, keeping 
the contact opening fraction constant at 5, 10, 15 and 20%, respectively. 
 
Fig. 4.11. : Measured effective PCD/QSSPC lifetimes of the 2D test structures after laser 
ablation (left) and after additional re-passivation (right). All lifetime values shown here 
were measured under 1-sun illumination. The lines serves as a guide to the eye. The 
optimum contact geometry with respect to lifetime (leading to a maximum lifetime after 
a-Si re-passivation) is highlighted (circle). 
  As can be observed from Fig. 4.11 (left), the effective lifetimes of the laser ablated 
2D structures increase with increasing pitch spacing, for all four investigated contact 
opening fractions (5, 10, 15 and 20%). It is noted that the AlOx/SiNx fully passivated 
reference lifetime sample degraded severely from 1 ms to 500 μs during the 2-month 
interval between laser ablation and subsequent a-Si:H re-passivation (at the external 
cooperation partner PVcomB in Germany). Nevertheless, by choosing an optimised 
contact geometry with respect to carrier lifetime, it was possible to restore the 
lifetime after the a-Si:H re-passivation step to 95% of that of the AlOx/SiNx full-
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area passivation lifetime sample, i.e. by using 5% contact opening fraction and 2 mm 
pitch spacing, as shown in Fig. 4.11 (right). 
  In conclusion, the heterojunction local-contact geometry has to be optimized with 
respect to the contact geometry (contact opening fraction and pitch) of the 
heterojunction stripe contacts. 95% of the effective carrier lifetime could be restored 
by the a-Si:H re-passivation process. However, thus far only the effective lifetime 
has been considered for contact geometry optimization. Further contact geometry 
optimization will be performed in the following chapters, by additionally 
considering (1) the series resistance of the wafer and of the heterojunction stripe 






4.4 Chapter summary 
  Process optimizations in order to form rear-side heterojunction stripe contacts 
were discussed in this chapter. Blistering of AlOx/SiNx dielectric passivation layer 
stacks could be avoided by performing a forming gas anneal (FGA) at 500 °C before 
the high-temperature firing process, given an effective lifetime of up to 3.6 ms. 
However, a degradation of the lifetime was observed after storing the samples for 2 
months in a clean and dry environment (i.e. the effective lifetime of the investigated 
samples degraded from 1 ms to 500 μs). Laser induced damage could be minimised 
by using optimised laser parameters (i.e. 2.08 J/cm2 energy fluence and 15% pulse 
overlap ratio) and post-laser wet-chemical treatment (KOH etch + HF dip + DI water 
rinse). It was found that the original AlOx/SiNx passivation quality could be almost 
completely restored using the optimised laser ablation conditions and using the same 
AlOx/SiNx stack for re-passivation. Using an a-Si:H(i)/μc-Si:H(p) heterojunction 
layer stack for re-passivation, the effective lifetimes of the heterojunction 2D 
lifetime structures reached 95% of those of full-area AlOx/SiNx passivated samples, 





Chapter 5 Methodology development for 
the characterisation of rear-side hetero-
junction stripe contacts 
  This chapter presents two novel characterisation techniques for local 
heterojunction stripe-contacts, which enable the measurement of injection 
dependent electrical properties of heterojunction stripe contacts. Intensity 
dependent photoluminescence imaging is used to extract the intensity dependent 
surface recombination current of heterojunction stripe contacts, while intensity 
dependent transmission line measurements (TLM) are used to extract the lumped 
injection-dependent series resistance of the heterojunction layers and the 
heterojunction layer/metal contact resistance. 
 
5.1 Measurement of the injection dependent surface recombination 
velocity (saturation current density) of heterojunction stripe 
contacts, using intensity dependent PL imaging 
  Spatially resolved photoluminescence imaging is now a commonly used 
characterisation tool for silicon wafers and solar cells. In recent years, applications 
of PL imaging were extended to the extraction of various electrical parameters such 
as effective minority carrier lifetime τeff [55], excess carrier concentration △n, series 
resistance and shunt resistance Rs and Rsh [56], and diode saturation current density 
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J0 [57]. In this thesis work, a novel measurement method to quantify surface 
recombination currents of heterojunction stripe contacts is presented, based on 
intensity-dependent PL imaging. The application of this novel measurement method 
is demonstrated by extracting the corresponding parameters and optimising the rear 
contact geometry of heterojunction stripe contacts. 
Locally contacted regions (for local emitter formation) in hybrid heterojunction 
stripe-contact solar cells are one source of recombination which limits both the 
open-circuit voltage VOC and the short-circuit current density JSC. These regions are 
typically characterised by an intensity dependent saturation current density J0(△n), 
which is commonly calculated from the measured effective carrier lifetime τeff(△n) 
as a function of the excess carrier concentration △n in the bulk of the c-Si wafer. 
However, it is difficult to separate and extract J0 in local regions of a locally 
contacted structures because the measurement is done on the whole structure. In this 
section, we present a simple spatially resolved J0(△n) measurement method which 
is based on intensity-dependent PL imaging and demonstrate its application by 
optimising the contact geometry of rear-side heterojunction stripe contacts. 
  Commercial-grade Cz n-type sili 
con wafers with resistivity of 4-6 Ωcm were used. After saw damage etch the wafer 
thickness was reduced to 150 μm. The wafers were RCA cleaned and HF dipped 
and both surfaces were passivated by AlOx/SiNx, using a PECVD system. The 
thickness of the AlOx and SiNx films were 40 nm and 100 nm, respectively. The rear 
AlOx/SiNx stack was then partially laser-ablated with a ps laser system to form 
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locally contacted structures. Subsequently a-Si:H(i)/μc-Si(p) heterojunction layers 
were deposited on the rear. The locally laser-opened and re-passivated structures are 
illustrated in Fig. 5.1, which have various contact fractions and contact pitch 
spacings. To demonstrate the developed metrology, results from the samples before 
heterojunction re-passivation (structure a of Fig. 5.1) are shown in this chapter, while 
results for heterojunction re-passivated samples (structure b of Fig. 5.1) are shown 
in Chapter 6. 
 
Fig. 5.1. Schematic of locally laser-opened structure (a) and heterojunction re-passivated 
structure (b). By variation of the contact geometry (i.e. pitch spacing and contact area 
fraction), the saturation current densities of the passivated region and contact region are 
specified. 
  In the locally contacted structures, the saturation current density J0,pass and J0,cont 
of the passivated area and of the contact area will not only be intensity dependent, 
but also pitch dependent, i.e. J0,pass(△n, p) and J0,cont(△n, p). The pitch dependence 
can be explained by the non-homogeneous quasi-Fermi-level splitting in locally 
contacted structures, see Fig. 5.2 (left). The x-axis, y-axis and z-axis of the two-
dimensional band bending (showing 2D valence band and conduction band energies, 
as well as 2D electron and hole quasi-Fermi energies) represents pitch spacing, 
wafer thickness and band energy, respectively. In the large-pitch structure, the quasi-
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Fermi-level splitting is much larger in the passivated regions than in the contacted 
regions (there is even zero quasi-Fermi-level splitting at the contacts), while there 
is only a slight difference of quasi-Fermi-level splitting in the passivated regions 
and contacted regions. By integrating the quasi-Fermi-level splitting across the 
wafer thickness, the quasi Fermi-level splitting can be plotted as a function of pitch 
spacing, see Fig. 5.2 (middle). In the large-pitch structure, there are parallel regions 
exhibiting a different excess carrier density Δnpass and Δncont respectively (the lateral 
movement of the excess carriers from one region to the other is negligible in the 
large-pitch structure). This corresponds to a quasi-Fermi-level splitting within the 
wafer, which is laterally varying, as shown in Fig. 5.2 (top right). However, in the 
small-pitch structure (i.e. the pitch is comparable to, or smaller than, the wafer 
thickness), the excess carrier density Δn can be considered as constant within the 
wafer, as the lateral movement of the excess carriers is now ensuring a lateral 
equilibration of excess carriers (i.e. the small pitch spacing prevents separate regions 
to form). This corresponds to a constant quasi-Fermi-level splitting within the wafer, 




Fig. 5.2. Numerically simulated quasi-Fermi-level splitting for locally laser-opened 
structures (see Fig. 5.1(a)) with small pitch and large pitch (left and middle), and illustration 
of the quasi-Fermi-level splitting in locally contacted structures (right). 
  A commercial PL imaging system was used to characterize these samples. The 
system uses a 915 nm laser as excitation source and the obtained illumination 
intensity can be varied in the range of 0.05 – 1.5 suns. The tool includes a 
photoluminescence-based system which can be used to measure PL signals and a 
photoconductance-based system which can be used to measure the minority carrier 
density △neff, which is the average △n within the bulk of the wafer with local 
contacts. The relationship between the PL signal 𝛷 and △neff is given by 
𝛷 = 𝑐 (𝑛𝑝 − 𝑛𝑖
2)  ≈  𝑐 (𝛥𝑛𝑒𝑓𝑓) (𝛥𝑛𝑒𝑓𝑓 + 𝑁𝐷)            (5-1) 
where c is a constant that depends on the PL setup and the sample investigated, np 
is the product of the electron and hole concentrations in the sample, ni is the intrinsic 
carrier concentration in silicon and ND is the doping density of the n-type silicon 
wafer. The constant c can be determined by simultaneously measuring the PL signal 
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𝛷 using a PL-based system and measuring the effective minority carrier density 
△neff using a photoconductance-based system. 
  Under the assumption of steady-state conditions, the effective lifetime τeff can be 
calculated as: 
𝜏𝑒𝑓𝑓 = ∆𝑛𝑒𝑓𝑓/𝐺                          (5-2) 
where G is the generation rate which is varied by the illumination level and △neff is 
measured by the PC-based system. 
  Fig. 5.3 shows the results of intensity-dependent PL measurements for one sample. 
With the calibration to the spatially-resolved PL measurement, the local excess 
carrier concentration △n and effective lifetime τeff mapping could be extracted.  
There is a relation between the intensity dependent total saturation current density 
J0,total (𝜑) and the intensity dependent effective excess carrier concentration △neff (𝜑) 











              (5-3) 
J0, total is composed of three components: 
𝐽0, 𝑡𝑜𝑡𝑎𝑙(𝜑) = 𝐽0, 𝑏𝑢𝑙𝑘(𝜑) +  𝐽0, 1𝐷,𝑓𝑟𝑜𝑛𝑡(𝜑)  +  𝐽0, 2𝐷,𝑟𝑒𝑎𝑟(𝜑)          (5-4) 
and J0, 2D,rear is composed of two components, i.e. the J0 of the passivated area, J0,pass, 
and the J0 of the contact area, J0,cont. 
𝐽0, 2𝐷,𝑟𝑒𝑎𝑟(𝜑) = 𝐽0, 𝑝𝑎𝑠𝑠(𝜑, 𝑝) +  𝐽0, 𝑐𝑜𝑛𝑡(𝜑, 𝑝)                   (5-5) 
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with 𝜑 being the illumination intensity of the measurement system, p is the pitch 
of the contact pitch spacing. 
  Combining Equations (5-3) and (5-4) allows to calculate J0,2d,rear images from the 
△n and τeff images, i.e. specifying the effective J0 of the local contacts being 
embedded in a passivation layer matrix, J0,2d,rear. As PL imaging is a spatially 
resolved measuring technique, it is also possible to extract the spatially resolved rear 
saturation current density J0,pass and J0,cont. The corresponding raw data (PL images) 
are shown in Fig. 5.3 (top), the extracted J0, 2d_rear is shown in Fig. 5.3 (middle), and 




Fig. 5.3. Top: Intensity PL measurements for a sample with 10% contact fraction and 0.3 
mm pitch spacing. The measurements were calibrated to effective lifetime measurements, 
leading to spatially-resolved excess carrier concentration △n images, effective lifetime τeff 
images, and rear saturation current density J0 images. Bottom: Extracted intensity-
dependent (injection dependent) total rear saturation current density J0,2d_rear, and rear 
saturation current density for passivated region and contacted region, J0,pass and J0,cont values 
of two samples with small pitch (left) and with large pitch (right).  
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  As shown in Fig. 5.3 (bottom), the J0, 2D_rear is intensity dependent and is decreasing 
with increasing illumination intensity. As shown in Fig. 5.3 (bottom), the J0 of both 
passivated and contacted regions are very high (~1000 fA/cm2) for the structure with 
small pitch spacing, while this is not the case for the structure with large pitch 
spacing. In the large pitch case, the J0 of the contacted region is very high (~1000 
fA/cm2) while the J0 of the passivated region is much lower (~100 fA/cm
2). This 
observation can again be explained by the pitch-dependent quasi-Fermi-level 
splitting in locally contacted structures, as described before. 
In summary, it is important to notice that for local (stripe) contacts the J0 of the 
passivated areas, J0,pass, and of the contact areas, J0,cont, are pitch dependent quantities. 
In the large pitch limit, the corresponding J0 values are very different, while in the 
small pitch limit they are almost the same. It is therefore necessary to account for 
the pitch dependence of J0,pass and J0,cont. With the methodology developed in this 






5.2 Measurement of the injection dependent contact resistance of 
heterojunction stripe contacts, using intensity dependent TLM 
measurements 
  Contact resistance is a critical parameter for process optimisation, i.e. it has to be 
minimised to reach high-efficiency solar cells. In a conventional solar cell, it reveals 
the quality of the metal-semiconductor ohmic contact. In this thesis work, a novel 
characterisation method to measure the injection dependent contact resistance of 
thin-film heterojunction/metal contacts was developed, using intensity dependent 
TLM measurements on specifically processed test samples. 
  The specific contact resistance is commonly measured by the transmission line 
model (TLM) method, which was introduced by Berger et al. [58]. In this section, 
the conventional TLM method is adopted for characterisation of heterojunction 
stripe contacts, i.e. enabling intensity dependent measurements. A TLM measure-
ment system was designed and specific test structures were developed in order to 
extract the effective injection dependent contact resistance of thin-film hetero-
junction contacts. The measured effective contact resistance consists of the lumped 
injection dependent series resistance of the heterojunction stripe contacts and the 
contact resistance of the heterojunction layer/metal contact. Fig. 5.4 shows the 
conventional TLM structure (left) and the specific test structure (right) designed for 
heterojunction stripe contacts. In the conventional TLM structure, the measured 
resistance is the contact resistance between metal and silicon wafer. In the specific 
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test structure, the measured effective resistance is composed of two parts: the contact 
resistance between metal and μc-Si(p), and the series resistance of the 
a-Si(i)/μc-Si(p) stack. 
 
Fig. 5.4. Sketch of conventional TLM structure (left) and specifically designed TLM test 
structure to extract the effective contact resistance of heterojunction stripe contacts using 
an a-Si(i)/μc-Si(p) heterojunction stack for contact formation (right). 
  The contact resistance measuring tool introduced in this experiment was con-
structed to enable intensity dependent measurements using the TLM method, see 
Fig. 5.5. Also the TLM test samples have to be specifically adopted, see 
Fig. 5.4 (right). The rear electrode of the test samples is patterned into equally-spaced 
stripes, using laser ablation. Each prepared sample is manually put on the platform 
for accurate positioning. A ten-pin measuring head can be moved in the X and Y 
directions to align the pins with the stripe contacts. The ten-pin pairs are divided 
into two groups, 5 of them for ensuring a constant current flow and the others for 
measuring voltages, as shown in Fig. 5.5 (left). In order to extract the intensity 
dependent effective contact resistance, the TLM system was upgraded with a glass 
base stage, and equipped with a halogen lamp enabling rear-side illumination 
through the glass base, as shown in Fig. 5.5 (right). Therefore, the contact resistance 
can be measured under dark and illuminated conditions. For more details about 
working principle of TLM system, one can refer to Chapter 3.7. The novelty of 
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Chapter 5.2 is mainly about the development of dedicated test structures in order to 
extract the effective thin film contact resistance. 
  
Fig. 5.5. Ten-pin measuring head for specific contact resistance by TLM method (left) and 
light intensity dependent measurement set-up with illumination from below (right). 
  The experimental process flow for the specific TLM test sample fabrication is 
shown in Fig. 5.6. In this experiment, Cz (100) p-type silicon wafers with ~150 m 
thickness and 4-6 /sq bulk resistivity were used. Prior to the PECVD depositions, 
the wafers received standard RCA cleaning and a HF dip. The AlOx/SiNx layers 
were deposited only onto the rear surface, using a microwave powered PECVD 
reactor (SiNA). Laser ablation is used to form stripe-shape openings in the 
AlOx/SiNx layers, with line widths varying from 50 μm to 400 μm. Subsequently, 
full-area a-Si:H(i)/μc-Si:H(p) deposition and aluminium evaporation are performed. 




Fig. 5.6. Schematic process flow for the TLM test structure fabrication. 
  Fig. 5.6 illustrates the current flow in the TLM test structure (left) and the 
corresponding raw data of the TLM measurement for heterojunction local contacted 
structures with different line widths under dark and illuminated conditions. The 
current flows in at position 0 and flows out at position 1, 2 or 3. A computer 
programme is used to read out the voltage values at the different positions and to 
calculate the resistance automatically. The intercept of the linear curve fit with the 




Fig. 5.7. Illustration of the current flow in the TLM test structure (left) and (right) raw data 
(symbols) of the TLM measurement for structures with different line width, under dark and 
illuminated conditions. The intercepts of the linear curve fit with the vertical axis are the 
measured effective contact resistances (not area-weighted). 
  TLM test structures with varying line width openings (50 μm to 400 μm) were 
processed and the specific effective contact resistance (area-weighted) was extracted 
for each line width, under dark and illuminated conditions, see Fig. 5.8. It can be 
seen that the specific effective contact resistance does not depend on the line width. 
This is to be expected, as the specific contact resistance is defined as an area-
weighted quantity. The measured effective contact resistance under illuminated 
condition is lower than that measured under dark condition, because the illumination 
generates more excess carriers within the wafer, which increases the conductivity. 
Compared to the contact resistance of conventional screen-printed contacts [59], the 
effective contact resistance of heterojunction stripe contacts is much higher, because 




Fig. 5.8. Specific effective contact resistance of heterojunction stripe contacts with different 
line widths. 
  The light source was gradually tuned from zero to maximum illumination, i.e. 0 – 
0.7 sun, with the light intensity being calibrated using a pyranometer (measured in 
mW/cm2). Subsequently the light intensity was converted into an injection level 
(△n), using the previously mentioned photoluminescence calibration, i.e. the 
injection level of the sample was extracted using intensity-dependent PL 
measurements. However, a slight error may have been induced here, because in this 
measurement the light sources used in the PL and TLM systems are not the same. 
The injection level △n can be further converted into a quasi-Fermi-Level splitting 
(△Ef) using the simple analytic equation [60]: 
∆n = (𝑛0 + 𝑝0) (√1 + (2𝑛𝑖/(𝑛0 + 𝑝0))2(𝑒
∆𝐸𝑓/𝑘𝑇 − 1) − 1) /2           (5-6) 
  The measured effective contact resistance of the processed heterojunction stripe 
contacts is shown in Fig. 5.9 as a function of the quasi-Fermi-level splitting △Ef (also 
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called implied voltage). In order to compare to the experimental results, numerical 
computer simulation was used to simulate a-Si:H(i)/μc-Si:H(p) stripe contacts, 
assuming non-calibrated, typical a-Si:H(i) and μc-Si:H(p) input parameters (further 
details will be given in Chapter 7). Fig. 5.9 shows the intensity-dependent series 
resistance of a-Si:H(i)/μc-Si:H(p) stripe contacts extracted by TLM measurement as 
compared to the just mentioned non-calibrated numerical computer simulations. The 
effective contact resistance is decreasing with increasing injection level, and this is 
true for both the experiment and the numerical simulation. The simulated effective 
contact resistance is already of the same order of magnitude compared with the 
measured values, but the simulated values are slightly lower. The numerical 
simulation programme only accounts for the series resistance of an 
a-Si:H(i)/μc-Si:H(p) thin film layer stack but neglects the contact resistance of 
μc-Si:H/metal contacts; furthermore, there is no specific heterojunction input 




Fig. 5.9. Measured (symbols) and numerically simulated (line) intensity-dependent contact 
resistance of a-Si:H(i)/μc-Si:H(p) layers. 
  In conclusion, using a newly developed TLM measurement set-up, the effective 
contact resistance of heterojunction stripe contacts can be measured for various 
types of heterojunction layers. The measured results agree qualitatively with non-
calibrated computer simulations. The simulation results could be further calibrated 





5.3 Chapter summary 
  Two novel characterisation techniques for local (heterojunction stripe) contacts 
were developed. The injection dependent saturation current density J0(△n) of the 
a-Si:H(i)/μc-Si:H(p) stripe contacts was extracted from intensity-dependent photo-
luminescence measurements. A modified TLM experimental set-up allows to 
measure the injection-dependent series resistance of a-Si:H(i)/μc-Si:H(p) stripe 
contacts. Both the injection-dependent saturation current density and the injection-
dependent series resistance are important input parameters needed (1) for the contact 
geometry optimization of heterojunction stripe contacts (discussed in Chapter 6), 
and (2) for the advanced loss analysis of hybrid heterojunction solar cells, (discussed 











Chapter 6 Efficiency potential of rear-side 
heterojunction stripe contacts and hybrid 
heterojunction solar cell architectures1 
  In this chapter, the contact geometry of hybrid stripe contacts is optimised 
including the contact resistance of the heterojunction stripe contacts and the front 
contact system of the solar cell. In a first step, a numerical calibration with respect 
to the measurement results of 1D and 2D test structures is performed. Subsequently, 
the efficiency potential of various hybrid heterojunction solar cell architectures is 
predicted and compared to more conventional solar cell architectures. 
6.1 Different solar cell architectures to be investigated 
  Various simulation studies were performed in this thesis in order to provide a 
detailed analysis of different solar cell architectures, i.e. comparing novel hybrid 
(homo-junction/heterojunction) solar cell architectures to conventional diffused 
homojunction and conventional full-area heterojunction solar cell architectures, as 
shown in Fig. 6.1. Architectures (a), (c) and (e) are conventional diffused 
                                                 
1 The main results of this chapter have been published in the following journal 
publication: Z. Qiu, C. Ke, A.G. Aberle, R. Stangl, “Efficiency potential of rear 
heterojunction stripe contacts applied in hybrid silicon wafer solar cells”, IEEE 
Journal of Photovoltaics, vol. 5, issue 4, pp. 1053-1061, May 2015. 
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homojunction solar cells, while architectures (b), (d) and (f) are the corresponding 
hybrid heterojunction solar cells (i.e. featuring the same front contact system, while 
the rear surface has heterojunction stripe contacts). Architecture (g) is a 
conventional full-area heterojunction solar cell architecture, which is also simulated 






Fig. 6.1. Schematics of the different investigated solar cell architectures: Diffused 
homojunction cells, with (a) rear-side diffused emitter, (c) front-side diffused emitter and 
(e) front-side Al-alloyed emitter, respectively. (b), (d), (f) Corresponding hybrid 
heterojunction cells using the same front contact system, (g) Full-area heterojunction cell. 
  To better reflect the vertical and lateral current flow within the device, and to 
simulate the complex solar cell structures featuring local stripe contacts, a 2D 
numerical analysis model had to be established. Details of the numerical calibration 
and simulation models are given in the subsequent sections. 
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6.2 Numerical calibration towards 1D&2D test structures 
  In order to calibrate the used 2D simulation programme (Silvaco-ATLAS), various 
1D and 2D carrier lifetime test structures were fabricated. Throughout this thesis, 
Cz (100) n-type silicon wafers with ~150 μm thickness and 4-6 Ωcm bulk resistivity 
were used. The wafers underwent a standard saw damage etch, standard RCA 
cleaning, and a short HF dip (5 s), which was performed just before the passivation 
layer deposition. First, symmetrical stacks of dielectric passivation layers, 
consisting of aluminium oxide and silicon nitride, AlOx/SiNx (40nm/100nm), were 
deposited in a commercial inline microwave PECVD reactor (SiNA-XS, 
Roth&Rau). In order to form the 1D or 2D lifetime samples, the rear AlOx/SiNx 
layers were either fully or partially removed by laser ablation (Lumera, pico-second 
laser, 532 nm), thereby forming either large contact openings, i.e. 4 cm x 4 cm, 
suitable for quasi-steady-state photoconductance (QSSPC) lifetime measurements 
(1D lifetime samples), or forming stripe contact openings within the 4 cm x 4 cm 
measurement areas, i.e. under variation of the pitch and line width of the line 
openings. Optimized laser parameters (laser fluence and pulse overlap, see Chapter 
4) were used, and a subsequent KOH etch (80°C, 60 s), RCA2 clean (5 minutes) and 
HF dip were applied to minimize the laser induced surface damage. Finally, the rear 
surfaces of the laser ablated wafers were re-passivated using heterojunction layers, 
i.e. using an a-Si:H(i)/μc-Si:H(p) stack. The intrinsic amorphous silicon film (5 nm 
thick) and the boron-doped p-type microcrystalline silicon film (20 nm) were 
95 
 
deposited using a conventional 13.56-MHz parallel-plate PECVD reactor 
(MVSystems Inc., Cluster tool). Thus, 1D and 2D lifetime samples were obtained, 
see Fig. 6.2, consisting of n-type wafers which are (i) planar front- and rear-side 
AlOx/SiNx passivated (samples I.A), (ii) subsequently rear-side laser ablated 
(samples I.B and samples II.A, II.B before re-passivation, not shown) and 
(iii) subsequently rear-side a-Si(i)/μc-Si(p) re-passivated (samples I.C and II.A, 
II.B). 
 
Fig. 6.2. Sketch of the processed carrier lifetime samples. (left) 1D lifetime samples, 
(right) 2D lifetime samples after laser ablation. 
  These lifetime samples were then characterised by (1) photoconductance decay 
measurements (QSSPC, using the Sinton WCT-120 lifetime tester), (2) intensity 
dependent photoluminescence imaging (PL, using the BTI imaging tool) and 
(3) Corona charge – Kelvin probe measurement (non-contact CV, using the 
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SEMILAB PV-2000 instrument), thereby extracting the insulator charge Qf and the 
interface defect density distribution Dit(E) at the AlOx/c-Si interface. 
  The numerical calibration of the used 2D device simulation programme occurred 
two-fold: First, 1D lifetime samples were simulated and fitted to corresponding 1D 
measurements. Second, 2D lifetime samples (with different pitch and rear contact 
area fraction) were simulated using calibrated 1D results and compared to the 
corresponding measurements on 2D lifetime samples. Keeping the rear contact area 
fraction of the stipe contacts fixed at 10%, the contact pitch was varied from 300 to 
5400 μm (thereby also changing the width of the line contact openings from 30 to 
540 μm). The corresponding lifetime samples were investigated before and after the 
heterojunction re-passivation step. 
  The simulation input parameters were first calibrated in order to fit the measured 
injection dependent effective carrier lifetime curves of the 1D lifetime test structures 
described above, i.e. using an n-type silicon wafer being (1) passivated on both sides 
with AlOx/SiNx stack, sample I.A of Fig. 6.2, (2) front side passivated with 
AlOx/SiNx stack and bare rear-side (i.e. AlOx/SiNx stack removed on the entire rear 
surface by laser ablation), sample I.B of Fig. 6.2, and (3) front side passivated with 
AlOx/SiNx and rear-side re-passivated by a-Si(i)/μc-Si(p) stack, sample I.C of 
Fig. 6.2. The fixed insulator charge Qf and the interface defect density distribution 
Dit(E) of the AlOx/c-Si interface and the injection dependent lifetime was measured 
using contactless C-V measurements and QSSPC & QSSPC measurements, 




Fig. 6.3. Left: Measured (symbols) and simulated (lines) interface defect density 
distribution Dit (E) and fixed insulator charge of AlOx/c-Si and SiNx/c-Si interface. 
Right: Injection dependent effective lifetime of the processed 1D lifetime structures 
(measured and simulated). 
  Qf and Dit(E) serve as input parameters in order to simulate the intensity-
dependent lifetime of the 1D lifetime structures, thereby basically adjusting the 
capture cross section σ (stated in Table 6.2), see Fig. 6.3 (right). In order to simulate 
the heterojunction re-passivated 1D lifetime structure, further assumptions on the 
layer properties (i.e. on the bulk defect distribution) of the thin-film a-Si:H(i) and 
μc-Si:H(p) layers have to be made, see Fig. 6.4 and Table 6.1. 
    
Fig. 6.4. Graphical representation of the bulk defect distribution of the calibrated a-Si:H(i) 
and μc-Si:H(p) thin-film layers. The corresponding Fermi energy (and the activation energy 
for the p-doped layer) is also indicated. 
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  Also additional assumptions describing the a-Si(i)/c-Si interface have to be made, 
see Table 6.2. There are previous reports in the literature presenting calibration of a-
Si:H properties [61-64] and μc-Si:H properties [65]. Using [61, 65] as a starting 
point, we have established a set of simulation parameters describing the a-Si:H(i) 
and μc-Si:H(p) thin-film layers and the a-Si:H(i)/c-Si interface, which are able to 
reproduce the measured intensity dependent lifetime of all 1D lifetime structures 
mentioned above (i.e. assuming an a-Si/c-Si interface defect density of 5 x 1011 cm-2, 
which is in agreement with the literature [63]). The resulting measured and 
simulated injection dependent effective carrier lifetime curves are shown in Fig. 6.3. 
Please note that we also simulated an ideal a-Si:H(i)/μc-Si:H(p) re-passivation layer 
stack, reaching an effective lifetime of 1 ms (i.e. assuming a lower Dit value), see 
Fig. 6.3 (right). This serves for simulating the ideal case when there is no laser 
induced damage due to the (partial) removal of the dielectric AlOx/SiNx layer stack 
by means of laser ablation (forming the local rear-side stripe contact openings). The 
assumed bulk defect distributions of the a-Si:H(i) and μc-Si:H(p) thin-film layers 
have a Gaussian dangling bond distribution near midgap and exponential 








Table 6.1. Simulation input parameters used for modelling the c-Si wafer and intrinsic 
a-Si:H and doped μc-Si:H(p) thin-film layers, based on [61, 65] and on the fitting of the 
measured 1D lifetime structures. 
Simulation parameters c-Si(n) wafer a-Si:H(i) μc-Si:H(p) 
Layer thickness (μm) 150 0.005 0.02 
Electron affinity (eV) 4.22 4.00 4.22 
Mobility gap (eV) 1.12 1.75 1.12 
△EV / △Ec with respect to c-Si 
(eV) 
0 / 0 -0.41 / 0.22 0 / 0 
Doping concentration (cm-3) 2.6 x 1015 0 4.0 x 1019 
Effective DOS in CB (cm-3) 2.8 x 1019 2.0 x 1020 2.0 x 1020 
Effective DOS in VB (cm-3) 1.1 x 1019 2.0 x 1020 2.0 x 1020 
Urbach energy (CB tail) (eV) N.A. 0.03 0.03 
Urbach energy (VB tail) (eV) N.A. 0.045 0.05 
Urbach tail pre-factor 
(cm-3 eV-1) 
N.A. 4 x 1021 4 x 1021 
Electron/hole mobility 
(cm2 V-1 s-1) 
1417 / 470 25 / 5 40 / 5 




8 x 1016 5 x 1018 
Gaussian donor peak position 
from VB (eV) 
N.A. 0.83 0.70 
Gaussian acceptor peak 
position from VB (eV) 
N.A. 1.03 0.90 
Activation energy (eV) 0.28 0.83 0.08 
 











AlOx/c-Si 1.2 x 1011 -3.0 x 1012 5.0 x 10-17 5.0 x 10-19 
SiNx/c-Si 4.5 x 1011 2.8 x 1012 7.0 x 10-16 7.0 x 10-18 
a-Si/c-Si  
(with laser damage) 
5.0 x 1011 N.A. 1.0 x 10-17 1.0 x 10-19 
ideal a-Si/c-Si  
(no laser damage) 




  In order to validate the accuracy of the 2D simulation model, we used the 
calibrated parameters describing the 1D test structures (i.e. describing the injection 
dependent surface recombination velocity of the AlOx/SiNx passivated surface and 
of the laser ablated surface) to simulate the 2D test structures, (i.e. simulating a 
double-side AlOx/SiNx passivated sample that received rear-side stripe-contact 
openings by laser ablation, whereby the stripe width and pitch were varied but the 
rear contact area fraction was kept constant at 10%), as illustrated in Fig. 6.2 (right). 
These simulations were then compared with the corresponding measurements (i.e. 
measuring the injection dependent effective lifetime of such samples), see Fig. 6.5. 
The purpose of these 2D numerical simulations was to see whether the measured 
the calibrated 1D lifetime data can be used to realistically describe the measured 2D 
data. 
  
Fig. 6.5. Left: Simulated and experimental effective carrier lifetime for the rear side locally 
laser-ablated structures used for forming heterojunction stripe contacts, varying the pitch 
and keeping the laser-ablated area fraction constant at 10%. Right: Photoluminescence 
lifetime mapping of the rear-side locally laser-ablated structures at 1-Sun intensity. 
Fig. 6.5 shows the experimental and simulated effective carrier lifetime for the 
rear-side locally laser-ablated 2D lifetime structures at an injection level corres-
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ponding to 1-Sun illumination. The 2D simulated effective carrier lifetime fit the 
experimental results quite well. We therefore believe that, in a first approximation, 
using Silvaco ATLAS and the measured and calibrated 1D lifetime data, we can 
predict 2D structures pretty accurately.   
  However, due to the non–uniformity of wafer bulk and passivation layer, the 
real 2D sample is not as ideal as the 2D unit cell used in simulation. Fig. 6.6 shows 
the non-uniformity of the 2D heterojunction stripe-contact structure. 
 
Fig. 6.6. Quantifying the non-uniformity in the 2D heterojunction stripe-contact 
structures. 
    As the simulation was calibrated to these 2D structure, an average lifetime τeff 
and saturation current J0 were assumed. However, by looking at the spatially-
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resolved PL image, the lifetime and saturation current on the 2D structure are not 
uniform. Therefore, the lifetime and saturation current were also extracted in zone 
1, zone 2 and zone 3, and compared to the average values, as shown in Fig. 6.6. The 
average saturation current J0 is 329 mA/cm
2, while it is 410 mA/cm2 at the edge and 
335 mA/cm2 in the centre region. Therefore, in a later stage simulation, there will 
be a sensitivity analysis on the influence of sample non-uniformity to the simulation 
results. 
  In order to simulate the diffused regions of the solar cell architectures as 
sketched in Fig. 6.1, some further calibration has to be done. The diffusion profile of 
the full-area boron p-doped emitter regions and phosphorus n-doped front surface 
field (FSF) regions, as well as the Al-alloyed emitter regions need to be calibrated. 
Fig. 6.7 shows the in-house developed boron and phosphorus diffusion, as well as 
Al-alloyed emitter profiles measured by electrochemical capacitance voltage 
profiling (WEP Control, CVP-21 tool) and fitted by Silvaco-ATLAS. 
 
Fig. 6.7. Measured in-house developed phosphorus and boron diffusion profiles, as well as 
Al-alloyed emitter profile (symbols) and the corresponding calibrated fittings by Silvaco-




  The boron diffusion profile has a junction depth of about 1.5 μm and a sheet 
resistance of 60 Ω/□ (measured by 4-point-probe). The initial phosphorus diffusion 
profile has a junction depth of 0.5 μm and a sheet resistance of 50 Ω/□. A subsequent 
etch-back process was done in order to increase the sheet resistance to 70 Ω/□ when 
it is used as front-side diffused FSF region. The purpose of the etch-back process is 
to avoid the highly recombination active centre of the highly-doped phosphorus 
diffusion at the front surface which will limit the internal quantum efficiency and 
efficiency of the solar cell. The Al-alloyed emitter has a relatively deep profile 





6.3 Efficiency potential of rear-side heterojunction stripe contacts 
  The rear-side heterojunction stripe contacts were realized by a thin-film stack of 
intrinsic amorphous silicon, a-Si:H(i), and p-doped microcrystalline silicon, 
μc-Si:H(p), which was deposited on top of a locally laser opened dielectric 
AlOx/SiNx passivation layer stack. It is emphasized that either the in-house 
developed a-Si:H(i)/μc-Si:H(p) layer stack (accounting for laser induced surface 
damage due to contact opening) or an ideal a-Si:H(i)/μc-Si:H(p) layer stack 
(neglecting laser induced surface damage) were applied to model the heterojunction 
stripe-contact structure. In the following, the 1-sun efficiency potential of such a 
heterojunction stripe-contact structure is investigated (i.e. calculating the implied 
efficiency of a silicon wafer, passivated by rear heterojunction stripe contacts and 
assuming zero front surface recombination, see Fig. 6.8). This section describes how 
the implied efficiency of heterojunction rear stripe contacts is calculated and how 
the rear contact geometry (i.e. contact fraction and contact pitch spacing) is 
subsequently optimized. 
 
Fig. 6.8. Schematic of the simulated heterojunction stripe contact device structure, with zero 
front surface recombination. 
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  There are two main inputs for the implied efficiency calculation: effective rear 
surface recombination and internal series resistance. The effective rear surface 
recombination velocity Srear was extracted by means of numerical device simulation 
after proper calibration with experimental data. On the other hand, the (injection 
dependent) effective series resistance RS consisting of (1) the 2D series resistance 
of the wafer (having a front-side full-area contact and a rear-side stripe contact) and 
(2) the internal series resistance of the heterojunction stripe contacts was simulated 
by calculating the current-voltage characteristics of a contacted n-doped wafer, 
p-doped wafer and a p-doped wafer covered with a-Si:H(i)/μc-Si:H(p) layers, 
thereby extracting the series resistance of the wafer and of the heterojunction stripe 
contacts independently. The injection dependence of these two quantities were 
obtained by repeating these simulations at different injection levels, as shown in 
Fig. 6.9. Please note that, in order to account for the non-uniformity of the 2D 
passivated structure, the SRV was respectively extracted for centre and edge regions, 
which will be used as input for the subsequent efficiency potential simulation. 
 
Fig. 6.9. Simulated injection dependent rear surface recombination velocity (left) and 
injection dependent effective series resistance (right). 
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  In order to study the influence of contact geometry on Srear and RS, we varied the 
(1) contact fraction and (2) pitch spacing. While pitch spacing was varied from 4 μm 
to 40000 μm, contact fraction was varied from 4% to 100% (100% corresponds to a 
rear surface which is fully covered by the heterojunction layer stack, i.e. a 
conventional full-area heterojunction contact). 
  Fig. 6.10 shows the 2D graph of the simulated average rear surface recombination 
velocity and effective series resistance using the two different heterojunction layer 
stacks mentioned above (i.e. assuming or neglecting laser induced surface damage), 
varying the contact geometry (i.e. the pitch and the contact fraction). As expected, 
by using the ideal a-Si:H(i)/μc-Si:H(p) layer stack, the effective surface recom-
bination velocities are much lower than using the in-house developed 
a-Si:H(i)/μc-Si:H(p) layer stack. In contrast, the series resistance of these two layer 
configurations are almost the same (an increasing interface defect density at the 
a-Si/c-Si does not affect the series resistance of the 2D structure). We also observe 
that both, the effective surface recombination velocity and the series resistance are 
strongly dependent on the contact geometry: Surface recombination is increasing 
with increasing contact fraction and decreasing contact pitch, while series resistance 
is increasing with decreasing contact fraction and increasing contact pitch. Thus 
there is a need for a trade-off between surface recombination and series resistance 




Fig. 6.10. Average rear surface recombination velocity S (left) and effective series resistance 
Rs (right), at an injection level of Δn = 1015 cm-3, of heterojunction stripe contacts embedded 
in an AlOx/SiNx passivation stack, using ideal a-Si:H(i)/μc-Si:H(p) (top) and in-house 
developed a-Si(i)/μc-Si(p) (bottom) heterojunction layers, as a function of the rear contact 
geometry, i.e. rear contact area fraction and pitch. 
  Taking the extracted injection dependent quantities (effective surface recom-
bination and effective series resistance) as inputs, we first optimised the rear-side 
contact geometry, by maximising the implied efficiency of an ideal 2D implied 
device, assuming zero front surface recombination and a rear heterojunction stripe 
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contact (neglecting the rear-side metal contacts), as shown in Fig. 6.8. The surface 
recombination current density (calculated from the surface recombination velocity 
SRV) and the series resistance of the 2D structure were calculated as a function of 
the pitch, the contact fraction and the injection level △n (the latter was varied by 
changing light intensity). The injection level △n can then be converted to the quasi-
Fermi energy splitting ∆Ef (which is the implied voltage of the solar cell), according 
to [60]: 
∆n = (𝑛0 + 𝑝0) (√1 + (2𝑛𝑖/(𝑛0 + 𝑝0))2(𝑒
∆𝐸𝑓/𝑘𝑇 − 1) − 1) /2           (6-1) 
  Here ni is the intrinsic carrier density, and n0, p0 are the equilibrium carrier 
concentrations of the wafer. As an example, Fig. 6.11 shows the simulated injection 
dependent surface recombination current density and the internal series resistance 
as a function of quasi-Fermi energy splitting (implied voltage) for a pitch spacing 
of 250 μm and contact fraction of 5% and 20% respectively. 
 
Fig. 6.11. Effective surface recombination current density is(△Ef) (left) and internal series 
resistance RS(△Ef) (right) versus implied voltage, at pitch of 250 μm and contact fraction 
of 5% and 20% respectively. 
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The implied current-voltage characteristics of the above-mentioned ideal 2D 
implied device can be calculated as follows: First, we consider the case without 
series resistance. In this case the implied 1-sun solar cell current impI (which 
specifies the hypothetical current that could be withdrawn from the solar cell under 
1-sun illumination) is just the difference between the photogenerated current igen and 
the intensity dependent bulk and surface recombination current ib and is: 
𝑖𝑔𝑒𝑛 − 𝑖𝑠[∆𝐸𝑓] − 𝑖𝑏[∆𝐸𝑓] = 𝑖𝑚𝑝𝐼                                   (6-2) 
  Here igen is the photogenerated current under 1-sun illumination, which is set to 
41.8 mA/cm2 (which is the measured short-circuit current density of the world 
record 25.6% efficiency silicon solar cell; this is an all-back-contact solar cell and 
thus there is no shading loss due to front metal grid [23]), is[△Ef] is the injection 
dependent surface recombination current and ib[△Ef] is the injection dependent bulk 
recombination current, as calculated by numerical device simulation software 
Silvaco-ATLAS. By varying the implied current impI from zero to igen (and thereby 
solving equation (6-2) for the quasi-Fermi level energy splitting △Ef), we obtain the 
implied current-voltage characteristics of the solar cell, however not considering the 
internal series resistance so far. Wolfram MATHEMATICA was used to numerically 
solve the corresponding equation (6-2).  
  In order to take the (injection dependent) internal series resistance into account, 
the internal implied voltage (i.e. the quasi-Fermi energy splitting △Ef) is correct by 
the voltage drop caused by the internal series resistance. For this, an external implied 
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voltage impVext is defined as follows: 
𝑖𝑚𝑝𝑉𝑒𝑥𝑡[𝑖𝑚𝑝𝐼] = ∆𝐸𝑓 − 𝑖𝑚𝑝𝐼 × 𝑅𝑠[∆𝐸𝑓]                            (6-3) 
  Using equation (6-3), the external implied voltage is calculated as a function of 
the implied current, whereas △Ef was solved using equation (6-2). Thus the implied 
I-V characteristics (now considering the internal series resistance) can be 
determined. 
  The implied 1-sun efficiencies of the ideal lifetime sample described above were 
calculated for various rear-side contact geometries (i.e. varying contact fraction and 
pitch), using either the in-house developed a-Si:H(i)/μc-Si:H(p) layers or assuming 
ideal a-Si:H(i)/μc-Si:H(p) layers (i.e. neglecting laser induced surface damage), see 
Fig. 6.12. This allows predicting an optimum rear contact geometry and thus 
determining the 1-sun efficiency potential of rear heterojunction stripe contacts. 
 
Fig. 6.12. Implied 1-sun efficiency of rear heterojunction stripe contacts, using ideal 
a-Si:H(i)/μc-Si:H(p) and in-house developed a-Si:H(i)/μc-Si:H(p) heterojunction layers, as 
a function of contact geometry (i.e. rear contact area fraction and pitch). 
  Assuming ideal a-Si:H(i)/μc-Si:H(p) stripe contacts (i.e. neglecting laser induced 
surface damage) gives a much lower surface recombination loss, and therefore 
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outperforms the in-house developed a-Si:H(i)/μc-Si:H(p) stripe contacts. As shown 
in Fig. 6.12, the ideal a-Si:H(i)/μc-Si:H(p) heterojunction stripe contacts achieved an 
optimized implied efficiency of 25.4 ± 0.5% (using 12% contact fraction and 400 
μm pitch) compared to 22.6 ± 0.4% (using 10% contact fraction and 1600 μm pitch) 
achieved by the in-house developed a-Si:H(i)/μc-Si:H(p) heterojunction stripe 
contacts. The error range of the simulation is 0.4 – 0.5% considering the non-
uniformity of the experimental 2D samples. As expected, when the laser ablation 
process for the rear-side local contact opening is affecting the re-passivation ability 
of the wafer (i.e. using the in-house developed layers, having to assume a higher 
interface defect density Dit at the a-Si:H/c-Si interface), the optimum contact 
geometry shifted to lower contact fraction and higher pitch as a compensation of the 
surface recombination loss. Furthermore, when using the ideal passivating 
heterojunction layers, we have a broader process window for the rear contact 
geometry, i.e. there are more combinations of contact fraction and pitch in order to 
realize high efficiency. 
  The implied current-voltage characteristics of heterojunction stripe contacts 
assuming ideal heterojunction layers (neglecting laser induced surface damage) and 
using in-house developed heterojunction layers are shown in Fig. 6.13. A short-
circuit current of 41.8 mA/cm2 was assumed (which is the short-circuit current of 
the world record 25.6% efficiency solar cell). A very high VOC (770 mV) and FF 
(80.1%) can be achieved assuming ideal heterojunction layers, compared to the 
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structure using in-house developed heterojunction layers, VOC (686 mV) and FF 
(79.8%), due to the much better re-passivation quality. 
 
Fig. 6.13. Simulated implied current-voltage characteristics of heterojunction stripe-





6.4 Efficiency potential of hybrid compared to conventional solar 
cells 
  The 1-sun implied efficiency simulated in this chapter predicts the theoretically 
achievable efficiency of a solar cell applying rear heterojunction stripe contacts. 
Various solar cell architectures are modelled as discussed in Section 6.1 (i.e. hybrid 
front-emitter solar cell, hybrid rear-emitter solar cell, n-PERT solar cell and 
conventional full-area heterojunction solar cell) and the one-sun current-voltage 
characteristics of these solar cell architectures are simulated (using optimised rear-
side contact geometries for the stripe-contacted solar cells). 
Table 6.3    Table 6.3 shows the efficiency, VOC, JSC and FF of the investigated 
solar cell architectures, accounting for the non-uniformity in 2D structures. As can 
be seen from Table 6.3, hybrid solar cells (having rear-side heterojunction emitter 
or back-surface-field) exhibit a higher solar cell efficiency potential as compared to 
their conventional opponents, i.e. diffused solar cells which have the same front 
contact. Using a local Al-alloyed emitter in a hybrid solar cell can further boost the 
solar cell efficiency up to 23.2 ± 0.55 %, which is the highest among all the solar 








Table 6.3. Simulated one-sun current-voltage characteristics of various solar cell 
architectures as sketched in Fig. 6.1. 
Solar cell architecture VOC (mV) 
JSC 
(mA/cm2) 
FF (%) Eff. (%) 
n-PERT 
conventional diffused solar cell 
(rear emitter) 
658 ± 5 38.9 ± 0.1 80.4 20.6 ± 0.15 
Hybrid 
stripe-contact heterojunction cell 
(rear emitter) 
709 ± 12 40.2 ± 0.1 79.2 22.3 ± 0.4 
n-PERT 
conventional diffused solar cell 
(front diffused emitter) 
660 ± 3 39.3 ± 0.1 80.4 20.7 ± 0.1 
Hybrid 
stripe-contact heterojunction cell 
(front diffused emitter) 
712 ± 10 40.4 ± 0.1 79.8 22.9 ± 0.5 
n-PERT 
conventional diffused cell 
(front Al-alloyed emitter) 
674 ± 7 39.6 ± 0.1 80.0 21.4 ± 0.2 
Hybrid 
stripe-contact heterojunction cell 
(front Al-alloyed emitter) 
720 ± 13 40.5 ± 0.1 79.5 23.2 ± 0.55 
HET 
full-area heterojunction cell 
(rear emitter) 
738 ± 11 37.0 ± 0.1 80.2 21.9 ± 0.4 
  Hybrid solar cells can outperform the conventional diffused solar cell 
architectures, especially using a front emitter configuration. According to the 
simulation, this is (1) due to the short-circuit current gain in a front emitter 
configuration, and (2) due to the open-circuit voltage gain of the hybrid cell 
architecture. This will be discussed in more details in the following sections. 
  As discussed in section 6.2, there is an non-uniformity in the 2D calibrated 
samples, which may cause fluctuation in the simulation results. Therefore, a 
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sensitivity study of the influence of saturation current J0 on the solar cell 
performance is carried out, using various J0 values as input for the simulation, see 
Fig. 6.14. 
 
Fig. 6.14. Influence of the J0 non-uniformity on the solar cell performance. 
  As shown in Fig. 6.14, the non-uniform J0 has a bigger influence on the open-
circuit voltage Voc than short-circuit current Jsc because the bulk and surface 
recombination is closely related to Voc. With J0 varying from 329 fA/cm
2 to 410 
fA/cm2, Voc decreased from 664 mV to 653 mV, while Jsc only changed slightly 
from 38.95 mA/cm2 to 38.8 mA/cm2. Therefore, such an non-uniformity in J0 will 
result into an uncertainty of solar cell efficiency, which is ± 0.15 % for 20.6 %. 
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  Overall, hybrid solar cells benefit from utilising passivated local contacts, 
resulting in a significant improvement in their open-circuit voltage VOC. As 
expected, the open-circuit voltage of hybrid solar cells is always higher compared 
to conventional diffused solar cells, but lower than pure heterojunction solar cells 
(738 mV). In contrast, hybrid and conventional diffused solar cells can achieve 
higher short-circuit current densities than full-area heterojunction solar cells 
(37.0 mA/cm2). Using rear heterojunction stripe contacts instead of full-area 
contacts not only increases VOC (due to reduced contact recombination), but also 
increases JSC (this is due to enhanced internal rear reflectance at the AlOx/SiNx 
regions). However, as the rear-side contact fraction reduces, the series resistance of 
the rear-side contacts increases, which leads to a loss in FF. Thus a rear-side contact 
geometry optimisation (i.e. choosing the optimised rear-side contact fraction and 
pitch) is important. It is noted that in these simulations, the series resistance due to 
the metal grid has been neglected; therefore the FF is over-estimated in all 
simulations. 
 
6.4.1 Analysis of open-circuit voltage 
  Table 6.3 shows that the hybrid solar cells exhibit higher VOC than conventional 
diffused solar cells on average, but lower VOC than the pure heterojunction silicon 
solar cells. This can be attributed to the excellent passivation quality of either a stack 
of intrinsic/doped a-Si/μc-Si or the dielectric layer stack of AlOx/SiNx. In order to 
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illustrate this further, the resulting injection level dependent saturation current 
density J0(Δn) of the rear-side passivated region and rear-side contacted region were 
extracted and listed in Table 6.4 for all solar cell architectures (under open-circuit 
(OC) as well as under maximum power point (MPP) conditions). 
Table 6.4. Extracted injection dependent J0(Δn) and injection level Δn of rear-side 
passivated and contacted solar cell regions, under open-circuit (OC) and maximum power 
point (MPP) conditions, for all types of solar cell architectures sketched in Fig. 6.1. 
Solar cell architecture 
J0 (OC) 
Δn (OC) rear 









































diffused solar cell 



















































  The J0(Δn) values were extracted using the simulated local recombination rate R 
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                                     (6 -4) 
  Please note that R considers not only interface recombination at the metal contact 
interface, but also recombination within the (diffused or heterojunction) emitter 
region. The rear-side passivated regions of all solar cell architectures investigated 
have similar J0 values in the rage of several 10 fA/cm
2 (the difference arises due to 
the different injection level and additional emitter recombination in case of the 
diffused solar cells). However, considering the contacted regions, for the conven-
tional diffused solar cells, the metal/silicon interface recombination increases the J0 
significantly by 3 orders of magnitude. For the case of hybrid solar cells, the large 
valence band offset at the rear a-Si/c-Si interface reduces the back diffusion of 
carriers into the contact regions, allowing a much lower saturation current J0 and 
therefore a higher VOC potential (above 700 mV for hybrid solar cells compared to 
670 mV for conventional diffused solar cells).  
 
6.4.2 Analysis of short-circuit current 
  In general, hybrid stripe-contact heterojunction solar cells exhibit higher short-
circuit current density JSC compared to conventional diffused solar cells. While 
having the same front-contact system, this is a direct consequence of the lower rear 
surface recombination loss (i.e. avoiding contact recombination), which leads to a 
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lower total rear-side J0 and thus higher JSC. In the simulation the JSC difference 
between hybrid solar cells and conventional diffused solar cells is about 
1.0 – 1.3 mA/cm2. Please note that the JSC of pure heterojunction silicon solar cell 
reaches only 37.0 mA/cm2. Such a low short-circuit current density can be attributed 
to the front-side parasitic absorption by the TCO and a-Si layers. In future process 
development and optimisation, it is also to be expected that an optimisation of the 
front-side diffusion profile towards a shallower emitter or FSF will increase short-
circuit current as interface recombination reduces, especially for front-emitter 
configuration. 
 
6.4.3 Analysis of fill factor 
  Table 6.3 also shows a comparison of the fill factor of hybrid, diffused and pure 
heterojunction solar cells. As expected, hybrid stripe-contacted heterojunction solar 
cells have a lower fill factor FF due to the increasing series resistance of the stripe-




Fig. 6.15. Breakdown of the series resistance contributions for hybrid stripe-contact solar 
cells in a rear-emitter configuration, using rear-side a-Si:H(p) heterojunction emitter layers. 
When using heterojunction stripe contacts, the increasing series resistance is 
mainly attributed to the increasing spreading resistance within the silicon wafer, 
which is a consequence of increasing lateral carrier transportation path in the wafer. 
Also the series resistance contribution of thin-film heterojunction layers is 
increasing with shrinking contact fraction. Therefore the total series resistance 
amounts to 2.05 Ωcm2 for a stripe contact with 4% contact area fraction (compared 
to 0.35 Ωcm2 for a full-area heterojunction contact). Nevertheless, despite the lower 
fill factor of the hybrid stripe-contacted heterojunction solar cell, it is still able to 
outperform the more conventional diffused solar cell and pure heterojunction solar 
cell. 
 
6.4.4 Analysis of local Al-alloyed solar cells 
  Utilizing local Al-alloyed emitter front contact system in hybrid heterojunction 
121 
 
solar cell and conventional n-PERT solar cell, they outperformed their opponents 
which have full-area boron-diffused front contact system. The main advantage of 
such local Al-alloyed contact system is stemming from the high VOC, which is 
720 mV for hybrid heterojunction solar cell and 674 mV for n-PERT solar cell. The 
reason is because the highly recombination active diffused region is now presenting 
only locally at 8% of the front surface, therefore a higher VOC could be achieved. 
  The defect recombination in the Al-alloyed regions was simulated and calibrated 
to specifically designed lifetime samples, i.e. double-side AlOx/SiNx passivation on 
a symmetrical full-area Al-alloyed n-type silicon wafer. However, the efficiency 
potential of the local Al-alloyed solar cell is probably overestimated because 
additional defect recombination in the heavily-doped Al-alloyed regions may be 
underestimated in describing local-area Al-alloyed regions. In the real case, the 
actual local Al-alloyed emitter in the n-type silicon wafer has a larger area fraction 
than the desired local Al-alloyed emitter (i.e. 8% contact fraction), see Fig. 6.16. 
Therefore, the actual efficiency potential of the solar cell architectures featuring 
local Al-alloyed emitter should be lower compared to the presented numerical 
simulation. 
 
Fig. 6.16. Schematic of the simulated local Al-alloyed emitter (left) and of an actual 




6.5 Chapter summary 
  The efficiency potential of rear-side heterojunction stripe contacts (neglecting the 
front contact), predicted by means of numerical simulation is, 22.6 ± 0.4 % using 
the in-house developed a-Si:H(i)/μc-Si:H(p) layer stack and 25.4 ± 0.5 % 
(neglecting laser induced surface damage). 
  The efficiency potential of hybrid heterojunction stripe-contacted solar cells 
(considering a conventional diffused front contact) is 22.3 ± 0.4 %. This outperforms 
the efficiency potential of conventional diffused solar cells (~21 %) as well as the 
efficiency potential of pure heterojunction solar cells (~21.9 %), using the in-house 





Chapter 7 First attempt of device 
integration: Advanced loss analysis for 
hybrid heterojunction solar cells 
  This chapter describes the first experimental attempt of integration of the 
developed hybrid heterojunction contacts into a fully operating solar cell device. 
Please note that planar (i.e., non-textured) samples were processed as a first shot, 
using lifetime samples similar to those investigated in Chapter 5. An advanced loss 
analysis for hybrid heterojunction solar cells is developed, using the novel 
characterisation techniques introduced in Chapter 5. 
 
7.1 Processing of the first rear-side stripe-contacted hybrid 
heterojunction solar cells 
  The first stripe-contacted hybrid heterojunction solar cells were processed, using 
planar (non-textured) lifetime samples as discussed in Chapter 5, featuring front-
side conventional diffused contacts and the developed rear-side heterojunction stripe 
contacts. The corresponding solar cell structure and its processing steps are 
introduced in this section. 
  The hybrid heterojunction solar cell was fabricated according to the process flow 
shown in Fig. 7.1. The solar cell was fabricated on a 156 mm x 156 mm n-type Cz 
mono-Si wafer with a bulk resistivity in the 3-6 Ωcm range. After a standard 10 % 
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KOH saw damage etch and RCA clean, single-side phosphorus diffusion (i.e. using 
back to back configuration in the diffusion tube furnace) was performed followed 
by phosphosilicate glass (PSG) removal. For more details on the resulting diffusion 
profile, please refer to Chapter 6. Next, a 70 nm thick SiNx antireflection coating 
was deposited by PECVD onto the front surface and a stack of 40 nm AlOx and 
100 nm SiNx was deposited onto the rear surface of the wafer. The rear AlOx/SiNx 
was subsequently laser ablated in stripe shape and re-passivated by an 
a-Si:H(i)/μc-Si:H(p) heterojunction stack (using external processing at PVcomB, 
Germany). Next, the front SiNx was laser opened, followed by a thermal evaporation 





Fig. 7.1. Process flow of the processed hybrid heterojunction solar cells (left), and the 
corresponding schematics of the solar cell precursors (right). Various solar cells under 
variation of rear-side contact area and pitch were processed. 
  An advanced loss analysis methodology has been developed for hybrid hetero-
junction solar cells and its cell precursors, using the novel characterisation 




7.2 Characterisation of the first rear-side stripe-contacted hybrid 
heterojunction solar cells 
  First rear-side stripe-contacted hybrid heterojunction solar cells were fabricated, 
using the experimental process flow shown in Fig. 7.1. Unfortunately, all solar cells 
were severely shunted, which happened during the last processing step (full-area Al 
evaporation). Fig. 7.2 shows the current-voltage characteristics of the rear-side 
stripe-contacted hybrid heterojunction solar cells measured under AM1.5G 
illumination (left) and in the dark (right). 
 
Fig. 7.2. Current-voltage characteristics of the first rear-side stripe-contacted hybrid 
heterojunction solar cells, measured under AM1.5G illumination and in the dark. 
  As shown in Fig. 7.2 (left), the solar cell has only a very low efficiency of 4.2 %, 
and a low FF of only 31.7 %. This can be attributed to the low shunt resistance which 
formed during the last processing step (full-area rear-side metallization). The shunt 
resistance Rsh was determined from the dark I-V measurement, giving 
Rsh = 16.7 Ωcm2, see Fig. 7.2 (right). In order to compare the measured I-V curve to 
the calculated internal I-V curve (obtained from PL imaging of the precursor C, i.e. 
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neglecting the shunt resistance) and the calculated external I-V (i.e. considering the 
shunt resistance), the following equations are used: 
𝐼𝑒𝑥𝑡 = 𝐼𝑖𝑛𝑡 − 𝑉𝑖𝑛𝑡(𝐼𝑖𝑛𝑡)/𝑅𝑠ℎ                                              (7-1) 
𝑉𝑒𝑥𝑡 = (1 +
𝑅𝑠
𝑅𝑠ℎ
)𝑉𝑖𝑛𝑡(𝐼𝑖𝑛𝑡) − 𝑅𝑠𝐼𝑖𝑛𝑡                                        (7-2) 
𝑅𝑠 = 𝑅𝑠,𝑤𝑎𝑓𝑒𝑟 + 𝑅𝑠,ℎ𝑒𝑡 + 𝑅𝑠,𝑔𝑟𝑖𝑑                                          (7-3) 
where Iint and Vint are the current and voltage of the internal circuit, Iext and Vext are 
the current and voltage of the external circuit, i.e. additionally considering the 
external series resistance and shunt resistance Rs and Rsh. The series resistance of 
the grid was estimated as 2.6 Ωcm2 (this comparatively high value stems from the 
fact that the height of the thermally evaporated metal grid was limited). This leads 
to a total series resistance of Rs = 4.2 Ωcm2, by summing up the 3 main series 
resistance components in the hybrid solar cell, i.e. wafer series resistance Rs,wafer, 
heterojunction layer series resistance Rs,het, and metal grid series resistance Rs,grid. 
Details on the extraction of these quantities will be given in the next sub-chapter. 
Fig. 7.3 shows the measured I-V characteristics and the correspondingly calculated 




Fig. 7.3. Measured I-V characteristics compared to calculated external I-V and internal I-V 
using the measured Rs and Rsh values. 
As shown in Fig. 7.3, the calculated internal I-V of the solar cell has an iFF of 
79.4 % assuming the measured Rs and neglecting Rsh (assuming an infinite Rsh). 
Please note that, since the front metal grid was not optimized at all, Rs is rather high. 
Furthermore, the hybrid solar cell was severely shunted, so the Rsh is extremely low 
(i.e., poor). Fitting the measured Rs and Rsh values into equation (7-1) and (7-2), the 
calculated external I-V curve is plotted in Fig. 7.3 (assuming the internal I-V curve 
obtained from a PL imaging analysis of a solar cell precursor C, before rear-side 
metallization, see Fig. 7.4, and described in more detail in the next sub-chapter) and 
fits well to the measured I-V curve of the hybrid solar cell. Therefore, it can be 
concluded that the low efficiency of the first processed hybrid solar cell is mainly 
due to the low shunt resistance. 
In order to find out the root cause of the shunt formation, two test structures before 
and after the final metallization step (full-area rear-side thermal evaporation of 
aluminium) were measured using PL imaging. Fig. 7.4 shows the schematics of the 




Fig. 7.4. (top) Schematics of two test structures, (left) before rear-side metallization and 
(after) rear-side metallization. (bottom) PL images of the test structures, measured at 1-sun 
intensity. 
  As shown in Fig. 7.4 (bottom), the PL image of the test structure after rear-side 
metallization is much darker than the PL image of the test structure before rear-side 
metallization. Ideally, we would have expected the opposite: as the rear metal 
contact increases the rear reflection, the PL signal should slightly increase. 
Therefore, we suspect that the shunt formation happened during the rear-side contact 
formation. Fig. 7.5 shows the schematic of shunt formation mechanism after rear-
side aluminium evaporation on the a-Si:H(i)/μc-Si:H(p) heterojunction layer stack. 
Likely, the surface after laser ablation was too rough, so that a ~20 nm 
heterojunction film covering this surface was too thin to prevent shunting with the 





Fig. 7.5. Schematic of shunt formation after rear-side aluminium evaporation on 
a-Si:H(i)/μc-Si:H(p) layer stack. 
  As shown in Fig. 7.5, the rear-side laser opened region is not as smooth as 
expected, i.e. surface roughness is large, shown schematically as the pyramids 
(needles) in the figure. Therefore, the very thin heterojunction re-passivation layer 
stack (i.e. 20 – 25 nm) may not conformally cover the entire rough surface, 
especially not at the tips of the pyramids. Therefore, after a rear-side full-area 
aluminium evaporation, the solar cell can become severely shunted as the currents 
could flow directly from the front contact to the rear-side contact without going 
through the emitter. 
  Clearly, future process optimization must address the surface roughness after the 
laser ablation process and the thickness of the heterojunction passivation layers, in 




7.3 Advanced loss analysis for the processed hybrid heterojunction 
solar cells 
  An advanced loss analysis for hybrid heterojunction solar cells has been 
developed, fully considering the measured intensity-dependent recombination of all 
solar cell regions (i.e. passivated and contacts), the internal series resistance of the 
wafer, and the measured intensity-dependent effective contact resistance of the thin-
film heterojunction contacts. Using a step-by-step analysis of the processed solar 
cells and of the processed dedicated test structures, short-circuit current (JSC), open-
circuit voltage (VOC) and fill factor (FF) losses can be broken down to quantify 
individual loss mechanisms along the processing sequence. In order to account for 
intensity-dependent recombination effects, the developed methodologies for charac-
terising local contacts, as outlined in Chapter 5, were used, i.e. all samples were 
analysed through photoconductance-calibrated photoluminescence (PL) imaging at 
different illumination levels (0.01 – 1.5 suns). Furthermore in order to measure the 
intensity-dependent effective contact resistance of the thin-film heterojunction 
contacts (the thin-film series resistance), dedicated test structures were measured 
using the TLM characterisation technique at different illumination levels (0 – 1.5 
suns). 
  The intensity-dependent loss analysis method presented here requires measure-
ments on some test structures processed in parallel with the hybrid heterojunction 
solar cells. As a reference system, we assume an ideal silicon wafer with zero 
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surface recombination and zero front surface reflectance and calculate its efficiency 
potential, see Fig. 7.6 (top). We then add more and more layers / structures to the 
wafer, leading to the solar cell precursors A - D, and re-calculate the corresponding 
efficiency potential. Thus we are able to quantify the efficiency loss due to the 
addition of a specific layer / structure / process step. Our first precursor A involves 
an n-type Cz-Si wafer which is front-side phosphorus diffused and front-side 
passivated by a SiNx antireflection coating (ARC), and rear-side passivated by an 
AlOx/SiNx passivation layer stack, see Fig. 7.6 (left). The second precursor B 
consists of the previous one being rear-side locally laser ablated and rear-side re-
passivated by an a-Si:H(i)/μc-Si:H(p) heterojunction layer stack in order to form 
rear-side heterojunction stripe contacts, i.e. the local a-Si:H(i)/μc-Si:H(p) emitter of 
the solar cell, see Fig. 7.6 (left). In order to form the third precursor C, the SiNx on 
the front is locally laser opened and the front metal grid is formed by a thermal 
aluminium evaporation using a shadow mask for alignment, see Fig. 7.6. The final 
precursor D consists of the fully processed hybrid heterojunction solar cell, i.e. after 
a full-area rear-side contact formation, see Fig. 7.6 (left). In addition, more test 
structures were processed for lifetime calibration and series resistance measure-
ments, including lifetime structure A (symmetrical AlOx/SiNx dielectric layer 
passivated sample), lifetime structure B (full-area laser-opened and heterojunction 
re-passivated sample), test structure C (front full-area ohmic contacts and rear local 
ohmic contacts in order to extract the 2D series resistance of Si wafer), and test 
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structure D (TLM structure to measure the effective contact resistance of the 
heterojunction stripe contacts). 
 
Fig. 7.6. Test samples processed (i.e. solar cell precursors, left, and lifetime and resistance 
samples, right), used for the advanced loss analysis of hybrid heterojunction solar cells. The 
top sample sketched is an ideal sample (i.e. a well characterized wafer, assuming however 
no front-side reflection and no surface recombination). It is used to calculate the maximum 
possible efficiency of a given wafer, i.e. assuming no losses due to further processing. 
  Precursors A and B are un-metallised, and are therefore used for a QSSPC 
calibration of the PL images obtained at different illumination intensities by 
determining the excess carrier concentration (△n) at each intensity. The average PL 
intensity Φ, measured by PL imaging is calibrated to the excess carrier density △n, 
measured by the QSSPC setup (Sinton WCT-120). It is known that the average PL 
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intensity (Φ) is related to the average △neff by [66]: 
𝛷 = 𝑐 (𝑛𝑝 − 𝑛𝑖
2)  ≈  𝑐 (𝛥𝑛𝑒𝑓𝑓) (𝛥𝑛𝑒𝑓𝑓 + 𝑁𝐷)                         (7-4) 
where c is an optical constant that depends on the PL setup and the sample 
investigated, np is the product of electron and hole concentration in the sample, ni 
is the intrinsic carrier concentration in silicon, and ND is the base doping of the 
n-type silicon wafer.  
  After calibration, the PL raw-data images (PL count) can be converted into 
lifetime images. For precursors A & B, the optical calibration constant c can be 
determined by fitting the measured PL intensity Φ and the extracted Δn data 
obtained by combined PL and QSSPC measurements (there are no metal contacts, 
thus both characterisation techniques can be used). To a good approximation, 
precursors B & C have the same optical constant c (but a different lifetime) when 
both of them are measured with light incident from the rear side. Therefore sample 
C can be calibrated despite the fact that QSSPC can no longer be used (due to the 
metal front contact). Similarly, precursors C & D (finished cell) will have the same 
lifetime, but a different optical constant c when both of them are measured with light 
incident from the front side. Comparing the precursors B and C, there are slight 
differences which occur due to slightly different rear surface optics at the contact 
regions. These can be quantified and corrected using numerical computer simulation. 
Therefore, the optical constant c can be determined for all partially metallised 
precursors as well as for the finished solar cell. 
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  The calibrated PL lifetime images of the test samples of Fig. 7.6, taken at different 
illumination intensities in the range of 0.01 – 1.5 suns, can then be used to determine 
the corresponding excess carrier density △n for all test samples at all illumination 
levels, see Fig. 7.7. The obtained △n data (images) are then further converted to 
implied voltage (iV) images at each illumination intensity, which is given by the 
local quasi-Fermi level splitting within the test samples [66]. 
𝑖𝑉 = (𝑘𝑇/𝑞) 𝑙𝑛[(∆𝑛)(∆𝑛 + 𝑁𝐷)/𝑛𝑖
2]                                 (7-5) 
  where k is the Boltzmann constant, T is the temperature and q is the electronic 
charge.  
  Furthermore, injection-dependent recombination current density J0 images can be 
extracted according to Equation (7-6), see Fig. 7.7. 
𝐽0 = q ∆n W/ [𝜏𝑒𝑓𝑓 (
𝑛𝑝
𝑛𝑖
2 − 1)]                                       (7 -6) 
  Hence implied I-V curves can be generated even for the metallised test samples, 
and the losses in the implied VOC and in the implied FF, stemming from front and 
rear contact formation, can be analysed by fully considering the measured intensity-
dependent recombination of the various test samples processed. This will be further 




Fig. 7.7. Calibrated photoluminescence images of the various samples as sketched in Fig. 
7.6, taken at 1-sun illumination, showing spatially-resolved effective lifetime τeff, excess 
carrier concentrations △n, implied voltages iV and saturation current densities J0. Please 
note that for the Pl calibration, the shunt resistance Rsh was not considered. Thus the 
specified values for precursor D are not trustful. 
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  As a first step, the effective lifetimes τ of the 2D structures are measured for all 
test structures A-D, using calibrated PL imaging. Various test structures have been 
processed, i.e. featuring various contact fractions from 5% to 20%, and pitch spacing 
from 500 to 3000 μm. The measured (symbols) and numerically simulated (lines) 
effective lifetimes of the test samples B (before and after the heterojunction re-
passivation step) are shown in Fig. 7.8. 
    
 
Fig. 7.8. Measured (symbols) and numerically simulated (lines) effective lifetimes at 1-sun 
illumination of the various precursors B, as shown in Fig. 7.6, i.e. before the heterojunction 
re-passivation process step (top) and after re-passivation (bottom). The upper dashed lines 
refer to the precursor A of Fig. 7.6 (before and after some degradation during the time 
needed for external processing). The lower dashed line refers to the lifetime sample B of 
Fig. 7.6. The contact fraction of the rear-side heterojunction stripe contacts was varied from 
5 to 20 %, and the pitch was additionally varied between 500 and 3000 μm (keeping the 
contact fraction constant). 
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  Fig. 7.8 (top) shows the measured effective lifetime of the test samples B at 1 Sun 
before heterojunction re-passivation. The measured effective lifetimes of the 2D 
structures increase with higher pitch spacing and shrinking contact fraction and 
match perfectly with the numerically simulated values, by using the measured 
intensity dependent 1D lifetime data as input parameters for the 2D simulations 
(measured immediately after laser ablation, see Chapter 6 for more details). It is 
noted that the 1D lifetime of the AlOx/SiNx fully-passivated samples degraded by 
30%. This happened during the two-month interval between the laser ablation 
process and the a-Si:H(i)/μc-Si:H(p) re-passivation process (requiring external 
processing). The lifetime of the symmetrical AlOx/SiNx passivated n-type wafer 
sample decreased from 878 μs to 523 μs. The dotted line in Fig. 7.8 (top) corresponds 
to the initial effective lifetime of precursor A. The dotted lines in Fig. 7.8 (bottom) 
correspond to the effective lifetime of precursor A after degradation (top dotted line) 
and the lifetime sample B (i.e. the sample with a full-area heterojunction re-
passivation, bottom dotted line). 
  Fig. 7.8 (bottom) shows the measured (symbols) and simulated (lines) effective 
lifetimes at 1 Sun of the precursors B after heterojunction re-passivation. It is noted 
that the simulated 2D lifetimes using the measured 1D lifetime data as input no 
longer match the experimentally measured 2D lifetimes, see Fig. 7.8 (bottom). 
Ideally, (i.e. using 2D numerical computer simulation, calibrated by measured 
lifetime data of the 1D structures), the resulting lifetime of the 2D structure must lie 
between the lifetime of the 1D AlOx/SiNx sample (523 μs) and the lifetime of the 
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1D a-Si:H(i)/μc-Si:H(p) sample (275 μs). This is, however, not the case. Obviously 
the re-passivation quality of a-Si:H is pitch dependent (i.e. dependent on the line 
widths of the contact openings). Thus it is no longer accurate to predict the effective 
lifetime of 2D structures by using 1D input parameters. Therefore, the loss analysis 
to be presented will be performed completely based on experimental test samples 
instead. 
  Intensity-dependent PL imaging was used to extract the local J0,pass and J0,cont of 
the passivated areas and of the contacted areas at the front and rear, as described in 
Chapter 5. It is noted that these local J0 quantities are also pitch dependent. The light 
intensity was varied from 0.01 to 1.5 suns. The spatially resolved images of the most 
relevant precursors at 1-sun intensity, indicating lifetime, excess carrier 
concentration, implied voltage and saturation current density are shown in Fig. 7.7. 
This allows the extraction of the local open-circuit voltage iVOC (the local quasi 
Fermi-level splitting) and the local saturation current density J0 and thus the local 
surface recombination current density iRit = J0 (np - 𝑛𝑖
2), i.e. for the passivated 







𝑟𝑒𝑎𝑟. Furthermore the correspondingly averaged quantities (i.e. the effective 𝑖𝑉𝑜𝑐
2𝐷 
and the effective two-dimensional recombination current 𝑖𝑅𝑖𝑡,2𝐷
𝑓𝑟𝑜𝑛𝑡  and 𝑖𝑅𝑖𝑡,2𝐷
𝑟𝑒𝑎𝑟) can 
be extracted, see Fig. 7.9 (top). 
  On the other hand, intensity-dependent TLM measurements were performed to 
extract the injection-dependent effective contact resistance of the heterojunction 
stripe contacts, as described in Chapter 5. The resulting injection dependent 
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effective contact resistance of the heterojunction contacts 𝑅𝑐𝑜𝑛𝑡
𝑠𝑒𝑟𝑖𝑒𝑠  is shown in 
Fig. 7.9 (bottom, left). The injection dependent series resistance of the 1D structure, 
𝑅𝑤𝑎𝑓𝑒𝑟
𝑠𝑒𝑟𝑖𝑒𝑠  was simulated, see Fig. 7.9 (bottom, right). More details about the numerical 
simulations were given in Chapter 6. 
 
Fig. 7.9. Measured injection dependent (top, left) front surface recombination current 
𝑖𝑅𝑖𝑡
𝑓𝑟𝑜𝑛𝑡
, (top right) rear surface recombination current 𝑖𝑅𝑖𝑡
𝑟𝑒𝑎𝑟 , (bottom, left) effective contact 
resistance 𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑐𝑜𝑛𝑡  and (bottom, right) simulated 2D wafer series resistance 𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑤𝑎𝑓𝑒𝑟
, of 
various precursors B with different rear contact area fraction and pitch spacing, being 
parameterized by the quasi-Fermi level splitting (implied voltage). The illumination 
intensity was varied from 0 to 1.5 suns for PL measurement. 
  The internal implied current-voltage characteristics of the various solar cell 











𝑟𝑒𝑎𝑟), as well as the measured intensity dependent 2D effective series 
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resistance of the heterojunction stripe contacts 𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑐𝑜𝑛𝑡  and the simulated 2D series 
resistance of the silicon wafer 𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑤𝑎𝑓𝑒𝑟
, can be calculated by the following equations: 
For Precursor A: 
𝑖𝐼𝑖𝑛𝑡[∆𝐸𝑓] = iG − 𝑖𝑅𝑝𝑎𝑠𝑠,1𝐷
𝑓𝑟𝑜𝑛𝑡
[∆𝐸𝑓] − 𝑖𝑅𝑝𝑎𝑠𝑠,1𝐷
𝑟𝑒𝑎𝑟 [∆𝐸𝑓] − 𝑖𝑅𝑏[∆𝐸𝑓]                (7-7) 
𝑖𝑉𝑖𝑛𝑡[𝑖𝐼𝑖𝑛𝑡] = ∆𝐸𝑓 − 𝑖𝐼𝑖𝑛𝑡[∆𝐸𝑓] ∗ 𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑤𝑎𝑓𝑒𝑟[∆𝐸𝑓]                                  (7-8) 
For Precursor B: 
𝑖𝐼𝑖𝑛𝑡[∆𝐸𝑓] = iG − 𝑖𝑅𝑝𝑎𝑠𝑠,1𝐷
𝑓𝑟𝑜𝑛𝑡 [∆𝐸𝑓] − 𝑖𝑅𝑝𝑎𝑠𝑠
𝑟𝑒𝑎𝑟[∆𝐸𝑓 , 𝑝] − 𝑖𝑅𝑐𝑜𝑛𝑡
𝑟𝑒𝑎𝑟[∆𝐸𝑓 , 𝑝] − 𝑖𝑅𝑏[∆𝐸𝑓]        (7-9) 
𝑖𝑉𝑖𝑛𝑡[𝑖𝐼𝑖𝑛𝑡] = ∆𝐸𝑓 − 𝑖𝐼𝑖𝑛𝑡[∆𝐸𝑓] ∗ (𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑐𝑜𝑛𝑡 [∆𝐸𝑓] + 𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑤𝑎𝑓𝑒𝑟[∆𝐸𝑓])                   (7-10) 
For Precursor C: 
𝑖𝐼𝑖𝑛𝑡[∆𝐸𝑓] = iG − 𝑖𝑅𝑝𝑎𝑠𝑠
𝑓𝑟𝑜𝑛𝑡
[∆𝐸𝑓, 𝑝] − 𝑖𝑅𝑐𝑜𝑛𝑡
𝑓𝑟𝑜𝑛𝑡
[∆𝐸𝑓, 𝑝] − 𝑖𝑅𝑝𝑎𝑠𝑠
𝑟𝑒𝑎𝑟[∆𝐸𝑓, 𝑝] − 𝑖𝑅𝑐𝑜𝑛𝑡
𝑟𝑒𝑎𝑟[∆𝐸𝑓, 𝑝] − 𝑖𝑅𝑏[∆𝐸𝑓]  (7-11) 
𝑖𝑉𝑖𝑛𝑡[𝑖𝐼𝑖𝑛𝑡] = ∆𝐸𝑓 − 𝑖𝐼𝑖𝑛𝑡[∆𝐸𝑓] ∗ (𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑐𝑜𝑛𝑡 [∆𝐸𝑓] + 𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑤𝑎𝑓𝑒𝑟[∆𝐸𝑓])                    (7-12) 
For Precursor D: 
𝑖𝐼𝑖𝑛𝑡[∆𝐸𝑓] = iG − 𝑖𝑅𝑝𝑎𝑠𝑠
𝑓𝑟𝑜𝑛𝑡
[∆𝐸𝑓, 𝑝] − 𝑖𝑅𝑐𝑜𝑛𝑡
𝑓𝑟𝑜𝑛𝑡
[∆𝐸𝑓, 𝑝] − 𝑖𝑅𝑝𝑎𝑠𝑠
𝑟𝑒𝑎𝑟[∆𝐸𝑓, 𝑝] − 𝑖𝑅𝑐𝑜𝑛𝑡
𝑟𝑒𝑎𝑟[∆𝐸𝑓, 𝑝] − 𝑖𝑅𝑏[∆𝐸𝑓]   (7-13) 
𝑖𝑉𝑖𝑛𝑡[𝑖𝐼𝑖𝑛𝑡] = ∆𝐸𝑓 − 𝑖𝐼𝑖𝑛𝑡[∆𝐸𝑓] ∗ (𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑐𝑜𝑛𝑡 [∆𝐸𝑓] + 𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑤𝑎𝑓𝑒𝑟[∆𝐸𝑓] + 𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑔𝑟𝑖𝑑 [∆𝐸𝑓])           (7-14) 
  𝑅𝑠𝑒𝑟𝑖𝑒𝑠
𝑔𝑟𝑖𝑑
 is the series resistance of external metal grid (only applicable for finished 
solar cells). In order to create implied I-V curves out of the data, an assumption for 
the implied photogeneration current is needed. The photogenerated current density 
iG was extracted by numerical simulation, i.e. using ray-tracing and fitting the 
measured reflectance. The maximum obtainable short-circuit current density (the 
generation current iG) is 42.3 mA/cm2 for an ideal planar (non-textured) silicon 
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wafer assuming zero front surface reflectance and 100% internal rear surface 
reflectance. For our experimental test sample A, i.e. an n-type planar Cz wafer with 
a SiNx ARC, the maximum obtainable JSC is 38.5 mA/cm
2, see Fig. 7.10. The same 
kind of analysis can be repeated for single-side front-textured wafers. The 
corresponding maximum obtainable short-circuit current (generation current iG) 
would then be 42.5 mA/cm2 for a front textured ideal wafer and 41.6 mA/cm2 for a 
front textured, diffused and passivated precursor A. 
 
Fig. 7.10. Cumulative photogeneration current for an ideal planar wafer (with zero front 
surface reflectance) and 100% internal rear surface reflectance and for a planar wafer with 
a SiNx anti-reflection coating. 
  Equations (7-7) to (7-14) show the parameterisation of the external implied I-V 
curves of precursors A to D by the quasi-Fermi energy splitting ΔEf in the wafer. 
Please note that the series resistance of the front metal grid was not considered for 
precursor C, but it was considered for precursor D. According to our calibration 
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procedure, we assume the same lifetime by comparing precursor C to precursor D. 
In order to show the influence of the front grid and in order to be able to compare 
the calculated implied efficiencies to measured real efficiencies, we included the 
influence of the series resistance of the front metal grid only for the solar cell 
precursor D (finished cell). Based on the measured injection dependent recom-
bination current and on the measured internal series resistance, we are able to 
calculate the implied current-voltage characteristics (i.e. iVOC, iJSC and iEff) for the 
various hybrid solar cell precursors according to Equations (7-7) and (7-14). As an 
example, the implied I-V curve of precursor A is shown in Fig. 7.11. 
 
Fig. 7.11. Implied current-voltage characteristics for solar cell precursor A. 
As shown in Fig. 7.11, the efficiency potential of the dielectrically passivated 
n-type Cz Si wafer (precursor A) is 22.9 %, featuring an implied VOC of 717 mV and 
implied JSC of 38.5 mA/cm
2. Fig. 7.12 shows the correspondingly calculated iVOC, 
iFF and iEff for all the processed solar cell precursors B, C and D as a function of 
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rear contact area fraction and pitch spacing. It is noted again, in case of precursor D, 
the contribution of the shunt resistance was not considered here. 
 
Fig. 7.12. Implied VOC, FF and efficiency plot of the various measured hybrid 
heterojunction solar cell precursors, as a function of the rear contact area fraction and pitch 
of the heterojunction stripe contacts. The optimum pitch for a given contact area fraction (5, 
10, 15 and 20%) are highlighted (stars). 
  As shown in Fig. 7.12, the iVOC increases with larger pitch spacing and shrinking 
contact fraction while iFF shows the opposite trend, for all precursors. Therefore, 
the optimum implied efficiency is a compromise between iVOC and iFF. The 
optimum efficiency at each contact fraction is highlighted with a star in Fig. 7.12 
(top). The highest efficiency potential that can be obtained for precursor B is 20.8 % 
(at 5 % contact fraction and 1800 μm pitch spacing), for precursor C it is 18.6 % (at 
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5 % contact fraction and 1800 μm pitch spacing), and for precursor D it is 17.5 % 
(at 5 % contact fraction and 1800 μm pitch spacing). 
  Fig. 7.13 explicitly shows the implied efficiency potential of precursor C as a 
function of the rear contact geometry (i.e. contact opening fraction and pitch 
spacing). As can be seen in Fig. 7.13, the implied efficiency potential is increasing 
with shrinking contact fraction, because the surface recombination losses will be 
much more suppressed with smaller contact fraction. As shown in Fig. 7.13, medium 
pitch spacing always gives the highest efficiency, as a consequence of the 
compromise between surface recombination and series resistance. 
 
Fig. 7.13. Implied efficiency potential of precursors C for various rear contact geometries 
(i.e. contact opening fraction and pitch spacing). The optimum contact geometry is 
highlighted. 
  Focusing on the predicted optimum contact geometry (i.e. 5% contact fraction 
and 1800 μm pitch), the implied I-V curves can be plotted for all investigated solar 
cell precursors, see Fig. 7.14. The maximum efficiency potential for an ideal n-type 
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wafer (i.e. neglecting surface recombination and front surface reflection) is 26.4 %, 
featuring a very high VOC of 745 mV. With further processing, i.e. front-side 
diffusion and dielectric layer passivation, laser ablation, heterojunction re-
passivation and metal contact formation, various loss mechanisms are introduced, 
and the efficiency potentials of the various precursors are decreasing from 26.4 % 
(ideal wafer) to 22.9 % (precursor A), to 20.8 % (precursor B), and to 18.6 % 
(precursor C). Unfortunately, at the last process step (precursor D), we introduced 
severe shunts. The detailed loss mechanisms will be presented in the following. 
 
Fig. 7.14. Implied current-voltage characteristics of various hybrid solar cell precursors, 
indicating the implied short-circuit current, implied open-circuit voltage and implied 
efficiency. 
  A water flow chart illustrating the efficiency losses due to the various process 
steps during the processing of hybrid heterojunction stripe-contacted solar cells, 




Fig. 7.15. Advanced loss analysis (fully considering intensity dependent recombination) of 
the processed hybrid heterojunction solar cell precursors, having the predicted optimum 
rear contact geometry (5% contact fraction and 1800 μm pitch). Shown is the lumped 
efficiency loss due to the various process steps. 
  As shown in Fig. 7.15, before the shunt formation (precursor D), the implied 
efficiency drops from 26.4 % (i.e. efficiency potential of the wafer) to 18.6 % (i.e. 
efficiency potential of precursor C). The major observed efficiency losses are due 
to the front / rear dielectric passivation and rear-side laser ablation processes, which 
induced 3.5 % and 3.2 % efficiency losses, respectively. Please note that, this does 
not mean that these two processes are the main loss mechanisms, because the first 
process on an ideal Si wafer will always reduce the theoretical maximum efficiency 
most significantly. Therefore, Fig. 7.15 is just a guide of the eye, which shows how 
the efficiency is reduced due to various process steps. Similarly, water flow charts 





Fig. 7.16. Advanced loss analysis (fully considering intensity dependent recombination) of 
the processed hybrid heterojunction solar cell precursors, having the predicted optimum 




  As shown in Fig. 7.16 (top), regarding the implied JSC losses, only front surface 
reflection losses (using a non-textured wafer) and losses due to front metal grid 
shading are considered. Regarding the finished cell (precursor D), the shunt 
formation further reduced the JSC by 6.1 mA/cm
2. 
  As shown in Fig. 7.16 (middle), before the shunt formation (precursor D), the 
implied VOC is decreasing with all solar cell processing steps, except after the 
heterojunction re-passivation step which creates an increase in iVOC of 21 mV. 
Overall, iVOC drops by 42 mV in rear-contact formation and by 26 mV in front-
contact formation. It is noted again that this is specifically due to the used process 
sequence (rear contact formation followed by front contact formation), and should 
not be interpreted that rear contact formation induces approximately the same loss 
as front contact formation. In order to be able to compare the recombination losses 
under open-circuit conditions, one has to compare the corresponding local J0 values, 
as shown in Fig. 7.17. 
  In terms of implied FF losses, before the shunt formation (precursor D), the 
associated loss mechanisms can be mainly categorized into two losses: losses due 
to recombination and losses due to series resistance. Again the iFF losses shown in 
Fig. 7.16 (bottom) depend on the process sequence. In order to be able to compare 
the recombination and series resistance losses under maximum power conditions, 
the corresponding local J0 values have to be compared, see Fig. 7.17. 
  The different loss components in implied efficiency, iJSC, iVOC and iFF are 
summarized as a pie chart, see Fig. 7.17, using reverse saturation current density J0 
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under open-circuit or maximum-power conditions, respectively. Please note that it 
would be inaccurate to break down the loss components in terms of iVOC directly, as 
the process sequence will influence the portion of each loss component. However, 
the corresponding J0 components are additive, and therefore do not depend on the 
process sequence. 
 
Fig. 7.17. Pie chart of various loss components of the implied JSC, FF and J0 at open-circuit 
condition of hybrid heterojunction solar cells. Please note that the J0 in the OC pie chart is 
not to scale, in order more clearly to show the various contributions. 
  As can be seen from the water flow chart, all loss components combined result in 
a total 7.3 % implied efficiency loss. This splits up as follows: There is a total iJSC 
loss of 6.1 mA/cm2 starting from the maximum JSC potential of the wafer (42.3 
mA/cm2). As shown in Fig. 7.17 (top), the total iJSC loss of the solar cell amounts to 
6.1 mA/cm2 (before the shunt formation). There are two main loss mechanisms of 




and (ii) losses due to the front metal grid shading fraction of the solar cell (2.3 
mA/cm2). 
  In terms of iFF loss, as shown in Fig. 7.17 (bottom, left), the total iFF loss is 4.3 % 
absolute, starting from the maximum FF potential of the wafer (83.7 %). It is 
interesting to note that the sum of the iFF loss due to injection-dependent 
recombination (i.e. 1.5 % absolute) is comparable to the resistive iFF loss (i.e. 
2.8 % absolute). The loss in iFF caused by injection-dependent recombination due 
to the a-Si:H(i)/μc-Si:H(p) rear-side heterojunction emitter contact is small (0.4 % 
absolute), while the injection-dependent recombination due to the front metal grid 
causes a significant iFF loss (1.1 % absolute), and should be further optimized. 
  As shown in Fig. 7.17 (bottom, right), the minimum J0 at open-circuit condition is 
30 fA/cm2, considering only bulk recombination of the c-Si wafer. The front 
metal/silicon contact regions have an extremely high J0 (6.8 x 10
4 fA/cm2), which 
is 99 % of the total J0. This is as expected, because in a hybrid solar cell one is 
sacrificing VOC (by using a conventional diffused front contact) at the benefit of an 
enhanced JSC. Nevertheless, the VOC loss associated to the front contact formation 
could be further reduced, i.e. by optimization of the front-side diffusion profile. The 
rear-side a-Si:H(i)/μc-Si:H(p) heterojunction stripe-contacted emitter regions have 
a J0 of 270 fA/cm
2 which is still comparatively high considering that a 
heterojunction passivation scheme has been used. The injection-dependent recom-
bination limits the iVOC of precursor C to 649 mV, which is 96 mV lower than the 
iVOC of an ideal wafer.  
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7.4 Chapter summary 
  The first attempt of processing hybrid heterojunction stripe-contacted solar cells, 
using planar lifetime samples as discussed in Chapter 5, reached only a very modest 
efficiency of 4.2 %. This is due to a severe shunting problem, which occurred in the 
very last processing step (full-area rear Al thermal evaporation). 
  An advanced loss analysis methodology for hybrid heterojunction stripe-
contacted solar cells was developed, taking all measured intensity-dependent effects 
into account. The individual loss mechanisms were broken down and quantified for 
the corresponding losses in implied short-circuit current iJSC, implied open-circuit 
voltage iVOC and implied fill factor iFF. Along the processing sequence, the implied 




Chapter 8 Conclusions and proposed 
future work 
8.1 Conclusions 
  In this thesis, rear-side local heterojunction stripe contacts were developed and 
optimised with respect to their application in a novel silicon solar cell architecture, 
i.e. a hybrid (homojunction/heterojunction) solar cell, using a front-side 
conventionally diffused contact and rear-side heterojunction stripe contacts. 
Process development/optimisation for heterojunction stripe contacts 
  Various processes were developed and optimised in order to form rear-side 
heterojunction stripe contacts. A blister-free AlOx/SiNx dielectric passivation layer 
stack was developed by means of an additional forming gas anneal (FGA), reaching 
an effective carrier lifetime of 3.6 ms. Local laser ablation of an AlOx/SiNx dielectric 
passivation layer stack was optimised in order to form stripe contact openings for 
the heterojunction stripe-contacts. Laser-induced crystal damage was minimised by 
using optimised laser parameters (i.e. 2.08 J/cm2 energy fluence and 15 % pulse 
overlap ratio) and a post-laser wet-chemical treatment (20 % KOH etch for 2 
minutes + HF dip + DI water rinse). The AlOx/SiNx passivation quality could be 
nearly 100% restored using the optimised laser ablation conditions and using the 
same AlOx/SiNx stack for re-passivation. An a-Si:H(i)/μc-Si:H(p) heterojunction 
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layer stack was used to re-passivate and form rear-side heterojunction stripe contacts. 
The heterojunction stripe-contacted lifetime structures were able to reach 95% of 
the full-area AlOx/SiNx passivation. 
Methodology development for novel characterisation of heterojunction stripe 
contacts 
  Two characterisation techniques for local heterojunction stripe contacts were 
developed. The injection-dependent saturation current density J0(△n) of the 
a-Si:H(i)/μc-Si:H(p) stripe contacts was extracted by means of a combination of 
intensity-dependent photoluminescence and photoconductance decay measure-
ments. The injection-dependent series resistance of the a-Si:H(i)/μc-Si:H(p) stripe 
contacts was measured using an intensity-dependent TLM measurement set-up. 
Numerical computer simulation of rear-side heterojunction stripe contacts and 
hybrid heterojunction solar cell architecture 
  Numerical computer simulation models were developed for rear-side 
heterojunction stripe contacts, hybrid heterojunction solar cells and other 
conventional solar cell architectures, with proper calibration based on experimental 
data. 
  The PV efficiency potential of pure rear-side heterojunction stripe contacts 
(neglecting losses due to the front contacts), predicted by means of numerical 
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simulation, is 22.6 ± 0.4 % using the in-house developed a-Si:H(i)/μc-Si:H(p) layer 
stack, and 25.4 ± 0.5 % neglecting laser induced surface damage. 
  The PV efficiency potential of hybrid heterojunction stripe-contacted solar cells 
(considering a conventional diffused front contact) is 22.3 ± 0.4 %, using an 
optimum rear contact geometry (10 % contact fraction and 2 mm pitch). This 
outperforms the efficiency potential of conventional diffused silicon solar cells 
(~21 %) as well as the efficiency potential of pure heterojunction solar cells 
(~21.9 %), using the in-house developed a-Si:H(i)/μc-Si:H(p, n) heterojunction 
layers. 
Advanced loss analysis for hybrid heterojunction solar cells 
  An advanced loss analysis methodology for hybrid heterojunction stripe-
contacted solar cells was developed, taking into consideration the effects of 
intensity-dependent recombination and intensity-dependent contact (series) 
resistance of the heterojunction stripe contacts. Specifically processed solar cell 
precursors and test samples were analysed by means of intensity-dependent PL and 
TLM measurements. The individual loss mechanisms were broken down and 
quantified for the corresponding losses in implied short-circuit current density iJSC, 
implied open-circuit voltage iVOC and implied fill factor iFF, for each of the process 
steps involved, i.e. (1) front-side diffusion and front/rear side passivation, (2) rear-
side laser opening and rear-side heterojunction re-passivation, (3) front-side laser 
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opening and front-side metallisation, (4) rear-side metallisation. 
 
 
8.2 Proposed future works 
  Due to a fire accident at SERIS in August 2012, all previously developed and 
optimised processes were lost, and most of the presented results were obtained using 
processing at external partners. The re-built silicon solar cell lab will be fully 
operational soon, with new processing equipment, i.e. diffusion furnace, PECVD 
tool for AlOx, SiNx passivation layer deposition, ICP-PECVD system for 
heterojunction passivation layer deposition, laser system, and metallisation tools. 
Therefore, the processes needed for hybrid heterojunction solar cell fabrication will 
have to be re-established and re-optimised. 
  This thesis focused on the development of rear-side heterojunction stripe contacts. 
Time constraints excluded the investigation and optimisation of other device 
components, such as the front-side diffusion layer, the heterojunction layer stack, 
and the metal contact formation. However, these components are equally important 
for the solar cell performance. Therefore, these processes will have to be 
investigated and optimised. 
  The main target of future research should be to experimentally realise the high 
(and cost-effective) efficiency potential of hybrid heterojunction solar cells, i.e. to 
prove an experimental solar cell efficiency of more than 22 %. 
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  This may then pave the road towards heterojunction solar cell production, as 
companies could keep most of their current production equipment and increase the 
solar cell efficiency by introducing rear-side heterojunction stripe contacts (see 
report on cost modelling for hybrid heterojunction solar cells, R. Stangl, 2015, #106, 
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